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Abstract 
The roadside environment in Hong Kong suffers from chemical air pollutants, heat 
trapping and noise owing to heavy traffic, narrow roads and high rise buildings. This 
adverse roadside pollution threatens our health. A passive integrated bioremediation system 
utilizing SMC-based formulated substrate and a drought-tolerant angiosperm Wedelia 
trilobata was therefore developed to alleviate the adverse conditions in roadside. In order to 
test the performance of the bioremediation system, a dynamic continuously flow system was 
established in the laboratory using two common roadside pollutants, i.e. NO2 and benzene. 
In optimized conditions, the removal efficiency of NO2 reached 93.0% after 10 minute 
retention with the pollutant. Similar performance was obtained in temperatures ranged from 
5-45°C and maintained through the study period of 7 days. Although the bioremediation 
system performed not as good as physical sorbents, e.g. activated carbon in high NO2 
environment (72 mg/m^), it showed superior result in normal ambient level (0.3 mg/m^) and 
had better performance than three common physical sorbents (namely: activated carbon, 
silica gel and molecular sieve)，three types of ordinary soils and photocatalytic paint 
coatings. For benzene, after artificially inducing the catechol oxidase activity by benzene 
spiking onto the growth substrate, the removal efficiency reached 73.5% in 10 minute 
retention. This was comparable to the three physical sorbents and was better than the 
performance done by ordinary soils and photocatalytic paint coatings. 
Two field trials using vertical panels were done to evaluate the effects on 
environmental improvement in Tuen Mun Road and Eastern Hospital Road each for 1-1.5 
months. The passive bioremediation system reduced noise by 1.2-3.2 dB(A) and effectively 
lowered the ambient NO2, benzene and toluene concentrations. Hopefully the research will 
provide a basis for improving the environment with a low cost and sustainable method using 
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1. Introduction 
1.1 Roadside Air Pollution Problem 
The roadside environment suffers from continuous pollution due to the travelling 
vehicles. These exhaust gases generated by gasoline and diesel engines are responsible 
for considerable, even predominant air pollution in cities (Leithe, 1971). In addition, high 
rise buildings surrounding the roads trap air pollutants once emitted. Therefore pollutants 
generated by running vehicles are difficult to be diluted by wind and results in 
abnormally higher air pollutant level in roadside. This phenomenon is known as street 
canyon effect (Vardoulakis et al., 2003). 
Common roadside pollutants include nitrogen oxides (NOx), sulphur dioxide (SO2), 
carbon monoxide (CO), carbon dioxide (CO2), particulates and volatile organic 
compounds (VOCs). Sulphur dioxide is generated by combustion of fossil fuel containing 
sulfur. Similarly, particulates including soot are generated by combustion as well as 
produced in secondary pollution pathway (Bencs et al., 2008). Nitrogen oxides are 
generated in internal engine of high temperature by the reaction of ambient oxygen and 
nitrogen (Komartit et al., 2010). Volatile organic compounds come from imbumt fossil 
fuel and incomplete combustion. 
Air pollutants (e.g. hydrocarbon, ammonia and formaldehyde) may cause irritation 
or/and nuisance by their offensive smell but the major concern of these pollutants is their 
toxicities. From World Health Organization (WHO, 2006), 1.4% of total mortality in the 
world is due to outdoor air pollution. In addition, air pollution is also estimated by WHO 
(2006) to account for 0.5% of all disability-adjusted life years (DALYs, one DALY is 
equal to one year of healthy life lost) and 2% of all cardiopulmonary diseases in the 
world. And every increase of 10 |ig/m^ air pollutant would raise the risk of 
cardio-respiratory death by 2 to 3 % (The Standard, 2005). Air pollution costs Hong Kong 
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for around 21.2 billion dollars a year in hospital admissions and productivity lost and 
about 1,600 deaths a year (The Standard, 2006). This mortality together with hospital 
admissions greatly cost adverse economic impact and adverse social impact to our society. 
Some adverse impacts of air pollution and health effects of individual air pollutants are 
listed in Tables 1 and 2, respectively. 
Therefore depending on the adverse health effects caused by various air pollutants, 
guidelines are set by local authorities and WHO with respect to different exposure times 
(Table 3). Due to difficulty in sampling and variety of nature in VOCs, VOCs are not 
commonly included in the ambient air quality guidelines. Hong Kong does not have our 
own standard on any of the VOCs. Ambient Air Quality Guideline in New Zealand for 
benzene is set at 3.6 i^g/in^ (annual average) (Ministry for the Environment, New Zealand, 
2002) while European Commission sets the value as 5 (annual mean) (EUR-Lex, 
2000). 
From statistic released by Hong Kong Government (HKEPD, 2010), among the five 
air pollutants having long term Air Quality Objectives, three of them showed violations in 
the monitoring result including NO2, total suspended particulate and respirable suspended 
particulate (RSP) (Table 4). All of the violations were located at roadside station which 
indicates poor air quality. 
For sulphur dioxide ( SO2 , Figure 1) and carbon monoxide (CO, Figure 2) which are 
widely concerned, both of them are well within the AQO and such levels are acceptable. 
In order to simplify the experiments, among various air pollutants, an inorganic 
nitrogen dioxide (NO2 ) and an organic benzene were chosen as modeling pollutants in the 
study. Both NO2 and benzene are one of the most concerned species within its group and 
their chemical properties are having similarity with pollutants within its group. They are 
both widely abundant in urban cities and have high levels of toxicity. NO2 was chosen but 
not SO 2 due to the fact that only NO2 showed continuously exceedance in roadside. 
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Particulate and CO were not included in this study due to the limitations in analytical 
equipments. 
Table 1. The adverse impacts of air pollution (World Health Organization, 2001) 
Short Term Impact 
參 Daily mortality 
• Respiratory and cardiovascular hospital admissions 
參 Respiratory and cardiovascular emergency department visits 
參 Respiratory and cardiovascular primary care visits 
• Use of respiratory and cardiovascular medications 
• Days of restricted activity 
• Work and school absenteeism 
• Acute symptoms (wheezing, coughing, phlegm production, respiratory infections) 
• Physiological changes (e.g. lung function) 
Long Term Impact 
參 Mortality due to cardiovascular and respiratory disease 
• Chronic respiratory disease incidence and prevalence (asthma, COPD, chronic 
pathological changes) 
• Chronic changes in physiologic functions 
眷 Lung cancer 
參 Chronic cardiovascular disease 
• Intrauterine growth restriction (low birth weight at term, intrauterine growth 
retardation, small for gestational age) 
3 
Table 2. The adverse health effects of air pollutants (World Health Organization, 2006) 
Pollutant Adverse health effects 
Particulate (e.g. respirable Bronchial irritation, inflammation, increased reactivity, 
suspended particulates, reduced mucociliary clearance, reduced macrophage 
RSP) response 
Carbon monoxide Reduced oxygen delivery to tissues owing to formation of 
carboxyhaemoglobin 
Nitrogen dioxide Bronchial reactivity, increased susceptibility to bacterial 
and viral lung infections 
Sulphur dioxide Bronchial reactivity 
Volatile organic Carcinogenicity, mucus coagulation, increased allergic 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4. The compliance status of long term Air Quality Objectives in 2009 
(HKEPD, 2010) 
smtion NO: TSP RSP SO: Lead 
l->’ear 1-year 1-year l-year 3-months 
General Central/Western ^ • V 7 
Station Eastern • ~ : 7 7 I 
Kwai Chung 一 •/ Z 7 7 
Kwim long ^ • ~ 7 7 
Sham Shui Po ^ • 7 7 I 
Tsuen Wan ( V 7 7 7 
ShaTin ^ Z — Z — — 一 
Tai Po — -/ ^ Z V n 
Tiuig Chung v^  一 7 7 7 
Yuen Long ^ ^ y/ ^ ^ 
Tap Mim ^ ~ 7 • ~ 
Roadside Causeway Bay * 二 k V — 
Station Central 一 Jc - jc — ^ 
iMong Kok K m ^ V — V 
Notes: “,” Complied with theAQO “*，， Violated the AQO “一,, Not measured 
100 
80 
^ 1 - Year Obj ective 
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Figure 1. Long term record of SO2 in HK (HKEPD, 2010) 
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Figure 2. Long term record of carbon monoxide in HK (HKEPD, 2010) 
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1.1.1 Nitrogen Dioxide 
Nitrogen dioxide (NO2 ) is part of nitrogen oxides (NOx) which includes also 
nitrogen monoxide (NO) and is produced in combustion processes. Most atmospheric 
NOx is emitted as NO, which is rapidly oxidized into NO2 (HKEPD, 2009b). The toxic 
effect of NO is approximately 20% of that of N02. Therefore NO is not usually taken into 
account when evaluating the harm of NOx at low concentration (Leithe, 1971). 
The toxicity of NO2 is due to its oxidative ability, free radical properties and acidity 
(Komartit et al.，2010). Due to its moderate solubility in water, NO2 reaches deeper 
regions of the respiratory tract and causes adverse impact on bronchotracheal and 
alveolar regions (Chitano et al., 1995). An animal study showed that NO2 induced cell 
'J 
damage in the upper respiratory tract after short-term exposure as low as 5.64 mg/m 
(3 ppm) (Kakinoki et al.，1998). NO2 can be perceived by smell in concentration as low 
as O.lppm (0.19 mg/m^) (Leithe, 1971). 
A number of short-term experimental human toxicology studies showed acute 
toxicity after 1-hour NO2 exposure in excess of 500 There is direct effect on 
pulmonary fimction in asthmatics after exposed to 560 i^g/m^ NO2 (300 ppb). Exposure to 
200 NO2 showed increment in bronchial responsiveness among asthmatics (WHO, 
2006; HKEPD, 2009b). But by contrast, a healthy individual may display no adverse 
effect on pulmonary function after 1-hour exposure to NO2 concentration of 1-2 mg/m^ 
(Blomberg et al., 1999). 
In long-term exposure, epidemiological studies had shown that there is positive 
correlation between annual NO2 concentration and bronchitic symptoms of asthmatic 
children (HKEPD, 2009b). Also, a positive association was found between concentrations 
of NO2 and associated particles and all-cause and cardio-pulmonary mortality (Dockery 
etal.，1993). 
Apart from its toxicity, NO2 is associated with photochemical oxidation to produce 
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secondary aerosol (important fraction of the ambient air PM2.5 mass) and photochemical 
smog (Bencs et al.，2008; HKEPD, 2009b). 
Major contributors of N O x in the region are from power plants (46% in 2007), 
vehicular emissions (22% in 2007) and other major combustion facilities (Figure 3) 
(HKEPD, 2009b). But for the actual measurement in various areas, higher NOx 
concentrations are usually encountered in roadside especially in peak hours due to the 
short distance and lack of dispersion (Kraft et al., 2005). 
In Hong Kong, since the establishment of roadside air monitoring stations, the 
recorded nitrogen dioxide (NO2 ) levels have exceeded the 1 year objective set by Hong 
Kong Environmental Protection Department (EPD) (Figure 4). 
World Health Organization (WHO) Air Quality Guideline (AQG), which is 
considered by our government to update her own standard, represents a better safety level 
(annual average : 40 lig/m )• If we use this standard to analysis the NO2 concentrations, 
all the current levels in urban and new town showed exceedance. This indicates the poor 
air quality on roadside in Hong Kong and the poor air quality probably affects the health 
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1.1.2 Benzene 
Apart from nitrogen dioxide, sulphur dioxide and particulates, different types of 
volatile organic compounds (VOCs) were generated in the street via different activities: 
unbumt/partially burnt hydrocarbon released by vehicle engine, aldehyde and benzene 
from adhesive and organic solvent usage, VOC mixture from tobacco smoke, etc. 
From the study of Chan et al. (2005), the VOC concentrations in ambient air in 
Hong Kong urban area are high and dominated by aromatic VOCs especially toluene 
(77.2 \ig m"^ on average and a maximum of 320.0 ^g m"^) and benzene (26.7 昭 m"^ on 
average and a maximum of 128.6 i^g m"^). The highest VOC concentrations were found 
in the industrial and commercial district, especially those of diesel-related and chlorinated 
species which suggests vehicle emission and industrial solvents as the major contributors 
to ambient VOC. 
Out of all VOCs, benzene which is known collectively with toluene, ethylbenzene 
and xylene as BTEX，is an important faction of non-methane hydrocarbons and attracts 
great concern in ambient air (USEPA, 2002a; Fondelli et al., 2008). Benzene is the 
simplest aromatic hydrocarbon with chemical formula C6H6 but it is the most toxic one 
among BTEX (e.g. roughly ten times more toxic than xylene) (Leithe, 1971). Generally, 
benzene is present in the vehicle exhaust from 3% to 5% of total hydrocarbon (USEPA, 
1993). Therefore among various sources, 90% of benzene in ambient air comes from 
traffic (Pfeffer，1994). 
Benzene is known to be toxic and genotoxic (Group A human carcinogen). Acute 
inhalation may cause drowsiness, dizziness, headaches and respiratory tract irritation. At 
high levels, unconsciousness and even death may result from exposure. Chronic 
inhalation may cause various disorders in the blood, including reduced numbers of red 
blood cells and aplastic anemia. Positive correlation had been observed between 
incidence of leukemia and occupationally exposure to benzene (USEPA, 2008). Apart 
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from its own toxicity, it actively participates in the photochemical reactions (True and 
Oanh, 2007; USEPA, 2008). 
Due to its carcinogenicity to humans and no known safe threshold level, there is no 
safe guideline by WHO. For benzene exposure at as low as 0.0003 ppm (1 |a,g/m )^ 
averaged over 8-hour per day, the estimated lifetime risk of leukemia is 4x10—6 (WHO, 
2000). There is no ambient air quality objective in Hong Kong. From the statistics 
released by Hong Kong Government (HKEPD, 2010), annual averages of benzene in 
Tsuen Wan and Central were 1.8 and 1.53 ^g/m^ respectively. Benzene concentration of 
ambient air in residential areas is generally in the range 3-30 |ig/m (0.001-0.01 ppm) 
depending on vehicle traffic (Romieu, 1999). But in traffic intersections, mean benzene 
concentration may reached 12-193 \ig/w? (Seifert and Abraham, 1982). 
1.1.3 Heat and Noise 
Apart from air pollution, noise and heat are continuously generated by passing 
vehicles due to running engines. Similar to air pollutants, the dense environment of urban 
city traps these pollutants. Hence roadside in urban environment normally suffers from 
noise and heat problems (Vardoulakis et al.，2003). The roadside environment is therefore 
not comfortable and even has adverse impacts on human health. 
Noise may cause physical, physiological and psychological effects in human. 
Intensive waves of sound may damage our ear drum with hearing impairment, threshold 
shift and hearing loss. But only equivalent noise exposure of 75dB(A) or above over an 
exposure period of 8 hours is considered as risky for such damaging which is normally 
not reached in environmental noise and road traffic noise (Rylander, 1999). 
Although road traffic noise does not reach physical damaging level for our hearing 
system, communication interference starts at 50dB(A), and there is a study showed 
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impairment of auditory discrimination and reading achievement in children suffering 
higher road traffic noise (Cohen et al., 1973). Knipschild and Salle (1979) showed that 
people living along roads with heavy traffic has slightly higher blood pressure than those 
living in quiet areas. Noise may also give rise to psychological and psychosomatic 
symptoms such as headaches, fatigue and irritability (Cantrell, 1974). 
For the impact of heat stress, hot weather not only causes discomfort but also causes 
adverse impact on health. Extreme heat can cause heat stroke, fainting and heat cramps. It 
also exacerbates many pre-existing health conditions (Rainham and Smoyer-Tomic, 
2003). City environments especially those concrete roads and buildings absorb and store 
heat which result in urban heat island. Together with artificial heat released by 
combustive processes from vehicles and air conditioning, the urban heat island can 
worsen the problems of extreme hot days in a city and causes more severe health 
problems (Jusuf et al., 2007). 
Green space is one of the existing measures to mitigate heat stress in urban 
environments, such as city parks, street trees, rooftop gardens and vertical greening on 
buildings (Li et al.，2005). These improve urban microclimate through shading and 
evapotranspiration which help to create comfortable outdoor settings for people and 
potentially reduce symptoms of thermal discomfort under heat stress conditions 
(Nikolopoulou and Steemers，2003). 
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1.2 Treatment Methods for Removal of Ambient Air Pollutants 
1.2.1 Physical and Chemical Methods 
Physical and chemical methods especially filtration are commonly used for 
treatment of air pollution especially in an indoor environment or semi-enclosed 
environment. Physical adsorption is also commonly utilized in active and passive 
removal of indoor air contaminants and considered as a simple process for low 
temperature ambient concentration environment (Nguyen-Phan et al, 2009). Common 
treatment methods for ambient and indoor air pollutants are listed in Table 5. In addition 
to physical adsorption and phytofiltration, active treatment which actively pumps air 
through the system is also commonly applied. 
Filtration and electrostatic precipitator are air cleaning devices designed to remove 
particles from air streams but they are not designed to reduce volatile or gaseous 
pollutants. HEPA filter can filter 99.97% particles and electrostatic precipitator can 
remove 80-95% particles (Lu，1995). 
As sources of air pollutants in roadside are of complex and mainly from running 
vehicles which are not a point source, roadside pollution is widely distributed. The 
pollution abatement device to solve this problem should be cheap and can degrade 
multiple air pollutants. Therefore, in roadside ambient air, currently only botanical 
purification (i.e. roadside plantation) and natural ventilation (enhanced by better city 
planning and building design) are widely adopted but not other techniques. 
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Table 5. Some treatment methods for ambient air pollutants (Guieysse et al., 2008) 
Method Descriptions 
Filtration • Air is passed through a fibrous material (often coated with a viscous 
substance 
• efficient for particle removal but not gases 
• Filters are compact and commonly used 
• Efficiency decreases when a filter becomes saturated (fouling) 
• Particles reemission might occur 
Physical • Common adsorbents: activated carbon, silica gel or zeolites 
adsorption • Might saturate fast because the pollutants are not destructed 
• Potential risk of pollutant reemission 
Electrostatic • An electric field is generated to trap charged particles 
precipitator • Electrostatic precipitators are often combined with ion generators 
with ionization that charge particles 
• Efficiently remove particles and are compact 
• Generate hazardous charged particles 
Ozonation • Ozone is generated to oxidize pollutants 
• Remove some fumes and certain gaseous pollutants only 
• Might generate unhealthy ozone and degradation products 
Photolysis • High energy ultraviolet radiation oxidizes air pollutants and kills 
pathogens 
• Remove some fumes and some gaseous pollutants only 
• Might release toxic photoproducts 
• Accidental exposure to UV light is harmful 
• UV irradiation is energy consuming 
Photocatalysis • A photocatalyst (e.g. TiO!) upon irradiation by ultraviolet light 
generates highly reactive free radicals (e.g. hydroxyl radicals) that 
can oxidize most pollutants and kill pathogens 
• Energy-intensive method 
• Suitable for a broad range of organic pollutants. 
Botanical • Air is passed though a planted soil or directly on the plants, 
purification / • Contaminants are degraded by microorganisms and/or plants 
phytofiltration 
Biofilters and • Air is passed through a packed bed of a solid support colonized by 




Bioremediation is the use of microorganisms or microbial processes to degrade and/or 
detoxify environmental contaminants (Iwamoto and Nasu, 2001). It has numerous 
applications, including clean-up of ground water, soil and waste gas stream (Boopathy, 
2000). For example, plant and soil adsorb contaminants (e.g. BTEX) from the environment 
(e.g. atmosphere) and degrade them. But the inefficient contact leads to relatively low 
reaction rate. Bioremediation therefore optimizes such inherent ability of those living 
organisms to degrade pollutants by providing additional contact and sufficient reaction 
time (Shareefdeen, 2004). 
Biological methods are usually regarded as superior over other techniques in ambient 
temperature off-gas treatment when total pollutant concentration is below 1 g/m^ and large 
waste gas streams have to be purified in industrial off-gas treatment (Engesser et al., 1996). 
The limitation for bioremediation is the biodegradability of the pollutants. Also, the higher 
water solubility it is, the easier the pollutant to be removed using biological means 
(Engesser et al., 1996). 
A biological air filter has several advantages over physico-chemical systems. It is 
expected to have adaptability to unexpected contaminants and ability to recover normal 
efficiency after accidental poisoning (Keuning et al., 1996). Catalysis such as using photon 
as an energy source is highly susceptible to poisoning by certain natural and xenobiotic 
compounds which if occurred could render the catalyst to be inactive (Keuning et al., 
1996). Even physical sorbents may face saturation after exposure to the environment for a 
very limited amount of time and lose their treatment ability. 
Besides, physico-chemical methods usually have risk of creating chemical 
decomposition products which are possibly more difficult to remove or more toxic than the 
initial contaminants. Biological methods may completely convert gaseous contaminants to 
harmless products - water, carbon dioxide and salts by oxidation (Keuning et al” 1996). 
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1.2.3 Passive System and Active System 
Besides difference in the removal principles, air treatment methods can be classified 
into passive or active systems depending on whether it actively draw air into the 
abatement system. An active system has advantages of higher removal and larger 
treatment volume. But as it is actively pumping air, it continuously consumes electricity 
and its installation cost is much higher. In a passive system, although gas pumping is 
omitted but its efficiency of removal is normally much lower than an active system 
having similar components, it saves electricity and hence operation cost (Judeikis, 1979). 
1.3 Research Strategy 
1.3.1 Plant as a Bioremediating Agent 
Plant is well known to photosynthesize. It emits oxygen and absorbs carbon dioxide 
which is the major greenhouse gas on Earth. Plant is considered as one of the important 
sinks of atmospheric carbon dioxide, and increasing plant biomass on Earth can reduce 
the greenhouse effect. 
Besides, plants may give out up to 20% of their annual production to form plant root 
exudate which is easily decomposed and preferentially used by microorganisms 
(Kuzyakov et al.，2001). The rhizosphere of plant therefore enhances the growth of 
microbes. Plant root is proved to have rich amount of microorganisms around, and many 
of them can be responsible for degradation of air pollutants (Orwell et al., 2006). In some 
studies, plants together with their rhizospheric microbes showed ability to remove toxic 
gases such as nitrogen dioxide (Fuijii et al, 2004), sulphur dioxide (Lu et al., 2003) and 
volatile organic compounds (Wolverton et al” 1989 & 1996; Davis et al, 1994). Plants 
can metabolize many airborne VOCs or transport them from leaves to roots. The pollutant 
may further be degraded, conjugated or accumulated within the leaf, in vacuoles or stored 
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in cell walls (Cape，2003). Results of some phytofiltration studies of air pollutants are 
summarized into Table 6. 
From these enclosed chamber phytofiltration studies, air pollutant removal by plants 
can be quite high. For toluene and xylene, the removal efficiencies could reach 85% after 
24 hours (Orwell et al., 2006). And for benzene and formaldehyde, more than half 
pollutant was removed (Wolverton, 1989). It can also remove a chlorinated compound 
trichloroethylene achieving 9% removal after one day (Wolverton, 1989). For carbon 
dioxide, the removal efficiency is not as high as VOCs due to high ambient 
concentrations. But the removal is still significant peaking at 43% (Fujii et al., 2004). 
The large range in removal was due to the variety of plants studied in the literature 
and different study conditions. But the removal pattern was similar and plant have shown 
consistent degradation in different studies. Plants therefore are possible tool in removing 
air pollutants. 
Table 6. Literatures on air phytofiltration 
Type of pollutant 24hr Removal Removal Capacity Reference 
(Plant Species) Efficiency (%) (mg 
Toluene -40-85 42 Orwell et al., 2006 
{Dracaena deremensis) 
m-xylene �10-85 26 Orwell et al., 2006 
{Dracaena deremensis) 
Benzene 67.2 Wolverton, 1989 
(Epipremnum aureum) 
Formaldehyde � 5 0 Wolverton, 1989 
(Epipremnum aureum) 
Trichloroethylene 9.2 Wolverton, 1989 
(Epipremnum aureum) 
8 - 4 3 2.4-12.6 Fujii et al., 2004 
(Juniperus conferta pari) 
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Apart from air purification, vegetations have their environmental services including: 
wind and noise filtering, microclimate stabilization, buffering storm water flow, erosion 
control, habitat provision and water table enhancement (Chiesura, 2004; Grove et al., 
2006; Ward et al., 2010). Greenery is also found to have positive influence on 
psychological and mental health (Chiesura, 2004). Hartig et al. (1991) also verified the 
use of urban parks and forests to help stress reduction benefiting mental health. 
Apart from aesthetic, psychological and health benefits, greening has other social 
benefits. Greening encourages the use of outdoor spaces and increases social integration 
and interaction among neighbors (Coley et al., 1997; Chiesura, 2004). A study by Kuo 
and Sullivan (2001) even showed that greener living environment helps reducing fear, 
incivilities, aggressive and violent behavior of residents. 
1.3.2 Spent Mushroom Compost (SMC) as a Bioremediating Agent 
Commercial mushroom cultivation is a huge industry. World annual yield of 
Agaricus bisporus (the most popular cultivated edible mushroom) reached 2,383,710 
metric tons in year 2000 (Chiu et al., 2000). There is a solid residue left after the harvest 
of the aerial edible or medicinal mushrooms. The waste is known as spent mushroom 
compost (SMC) or spent mushroom substrate. Since intensive mushroom cultivation 
generates huge volume of these organic wastes, an environmental friendly approach of 
waste management of this waste is needed. 
Spent mushroom compost is currently used in three main areas: as a fertilizer 
(Stewart et al., 1998; Benito et al., 2005; Jordan et al., 2008), as a soil amendment to 
improve soil properties (e.g. water infiltration rate, water holding capacity and aeration) 
and as fodder for livestock (Miles and Chang, 1997). 
Application of SMC has been found to produce crop yields equivalent to the case of 
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applying inorganic fertilizer (Weber et al., 1997; Gent et al” 1998). For example, it has 
been demonstrated that when SMC was added to soil, the yield of tomatoes was increased 
by 7-fold, lettuce and Chinese radish each by 3-fold (Ching, 1997; Dan and Ofer, 1997; 
Miles and Chang, 1997; Reed and Keil, 2000). Therefore SMC is possible to be utilized 
as a plant growth substrate or amendment. 
On the other hand, spent mushroom compost is known to have a rich consortium of 
both bacteria and fungi (Kuo et al., 1992). SMC was demonstrated to have a chemical 
ability to adsorb organic and inorganic pollutants and also contains a microbial 
population which can degrade a number of them (Dan and Ofer, 1997). It contains 
non-specific enzymes which can be used to degrade different types of pollutants and its 
ability to degrade persistent organic compounds is well studied (Law et al., 2003; Lau et 
al., 2003; Tsang, 2004; Gong et al., 2006). A wide range of lignin-degrading activities 
including peroxidase and phenol oxidase, and cellulose-degrading activities such as 
endoglucanase, cellobiosidase and P-glucosidase was recovered from blended compost 
extracts (Ball and Jackson, 1995). Some of the extracellular oxidative enzymes such as 
laccase, lignin peroxidase and manganese peroxidase were found to help pollutant 
degradation (Miles and Chang, 1997; Lau et al., 2003). 
Using SMC to biofiltrate different VOCs in off-gas treatment was found to be 
possible and in most cases encouraging results were obtained (Spigno et al., 2003; Moe 
and Qi, 2004; Jin et al., 2006; Maestre et al., 2007). Therefore SMC has already been 
utilized as the matrix of commercial biofilter for off-gas treatment of VOCs and odour 
(Koers, 1996). Degradation of BTEX by fungi is also possible in both aerobic and 
anaerobic system s (Buswell, 2001). But these applications only limit to purification of 
off-gas (usually in factory, waste water treatment plant, intensive animal farm and 
intensive composting) but not of ambient air. 
In inorganic air pollutants, bioremediation of gaseous hydrogen sulfide 
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(Shojaosadati and Elyasi, 1999)，ammonia (Martens et al , 2001) and NOx (Davidova et 
al” 1997; Yang et al , 2007) had been studied in off-gas treatment. The removal ability of 
SMC on benzene and NO2 in low concentration environments (e.g. ambient air) is still 
unknown, and this is a knowledge gap. Results of some SMC bioremediation of air are 
summarized in Table 7. These studies are of off-gas treatment type. VOC removed by 
SMC biofilter commonly exceeded 90%, including styrene, a-pinene, toluene and xylene. 
In many cases, the removal efficiency could even reach over 99%. Moreover ammonia 
and nitrogen monoxide could be removed with great efficiencies which were more than 
99%. Therefore, using SMC to remediate air pollutants is promising. 
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Table 7. Literatures on bioremediation on air by spent mushroom compost (SMC) 
lyp® Removal Removal Reference 
Efficiency Capacity 
(%) (g m3 h-i) 
Total VOC (n-butyl acetate, > 98 94.3 Moe et al., 2004 
methyl ethyl ketone, methyl 
propyl ketone, and toluene) 
Styrene,a-pinene, alcohols > 99 Braun-Lullemann 
(C1-C4), NH3 and sulphur et al., 1992 
compounds 
Hexane ^ Spigno et al.，2003 
g-pinene ^ Jin et al., 2006 
Toluene, ethylbenzene and � 1 0 0 120 Veiga & Kenners， 
o-xylene 2001 




Benzene 8-23 Johnson and 
Deshusses, 1997 
Alquilbenzenes, styrene > 99 120-140 Paca et al., 2001; 
Veiga & Kennes, 
^ 
NO 55 (aerobic) / Yang et al., 2007 
99 (anaerobic) 
NOx 70 (aerobic) Davidova et al., 
^ 
NO 90 (anaerobic) Apel et al, 1995 
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1.3.3 An Integrated System for Air Bioremediation 
Rather than taking the conventional approach of having plants as the only biotic 
factor in the treatment system for ambient air, spent mushroom compost was proposed to 
be included and integrated. Because plant and SMC showed air filtration ability 
independently, it is interesting to investigate the possibility of integrating the two 
biological tools. This may increase the degradation variety and efficiency of the 
bioremediation system especially when SMC was proved to have ability to degrade 
hardly degradable organopollutants. The vegetation can provide greening which is 
normally largely promoted in developed countries and improves the outlook of the 
bioremediation system. The final outcome hopes to supplement greening with increased 
pollution abatement. 
Facing the challenge of low removal efficiency, a passive bioremediation system 
was aimed while considered the fact that roadside vehicles themselves create air flows 
when they are moving. The flowing air may create an air mixing between the road and 
the bioremediation system and the lowering of removal efficiency due to omission of 
artificially air pumping was hoped to be minimized. The passive system hopes to be low 
costing with satisfactory pollution abatement ability. 
In the design, the bioremediation system in investigation is aimed to be vertical with 
modular design. Vertical greening can provide the same effect as ordinary planting but 
saves space without blocking the ways. It can also utilize and ameliorate some 
non-traditional space such as building fayades or noise barriers (Ottele et al., 2010). 
1.3.4 Aim and Objectives of the Project 
The aim of this study is to formulate a bioremediation system for ambient air which 
fulfills the greening purposes together with good bioremediation ability and space saving. 
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The objectives include: 
1 • To design a workable air bioremediation system for ambient air with spent 
mushroom compost and vegetation as key components with properties of low cost, 
light weight and low maintenance; 
2. To analyze the physical properties and chemical properties of the formulated 
substrate in the system; 
3. To investigate the performance of the bioremediation system on temperature 
stabilization; 
4. To investigate the performance of the bioremediation system on removing two 
modeling pollutants - an inorganic compound nitrogen dioxide and an organic 
compound benzene; 
5. To test the performance of the bioremediation system in complex field 
environment 
1.4 Significance of the Project 
For an urban city having busy traffic，a pollution abatement system may be needed 
to improve the air quality in roadside. This study integrates vegetation and spent 
mushroom compost as a single integrated bioremediation system which is hopefully to 
provide greening with additional pollution abatement ability and is less costing and space 
saving. This study also provides valuable information on passive bioremediation of 
ambient air pollution which is currently lacking. 
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2 . Materials and Methods 
In this study, air pollution in terms of nitrogen dioxide and benzene removal were 
selected as the testing criteria of the bioremediation system integrating spent mushroom 
compost and plant Wedelia trilobata. 
The project was divided into 3 stages. 
The first stage was the formulation of the growing substrate for plants. Different 
ratios of paper pulp and spent mushroom compost (SMC) were mixed to form the 
growing substrate for plants. Different supplements including superabsorbent polymer 
(SAP) and rice hull were tested for their effects also. The seed toxicity, plant growth rate, 
water holding capacity and water retention ability in the plant substrate, porosity, bulk 
density and shrinkage were used as the selection criteria. Then plants were grown on this 
optimized plant substrate for mass production. In addition, the properties of the 
formulated substrate were studied. 
The second stage of the study was a simulation experiment. The bioremediation 
ability of the system was assessed in this stage in a mini-setup inside an enclosed 
chamber using a continuously flow system. Air pollutants were generated using wet 
chemistry methods and flowed into the chamber. A common inorganic pollutant nitrogen 
dioxide and a common organic pollutant benzene serve as modeling pollutants and their 
removal was studied. The acute toxicities of different air pollutants on the plant and 
microorganisms of the plant substrate were tested. The temperature stabilization effect 
was also studied. 
The third stage was the field test. The field test studied the bioremediation system in 
actual roadside environment and checked if the bioremediation system could actually 
improve the air quality in real complex environment. Two sites adjacent to a busy road 
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were selected for the assessment. Environmental conditions including temperature, 
relative humidity, sound pressure level and air pollutant level were monitored. The 
system performance was assessed by analyzing the environmental data obtained from the 
monitoring of the sites. 
Water holding u/atorrarontinn Seed germination Bulk density and 
capacity Water retention 秘鍵 porosity Soil shrinkage 
f 
— — I f H _ 腳 i r m m ^ ^ ^ M a i M 
Nutrient content Majorcations / ^ n t i a l properties Contaminants characterization 
t l � — 圓 j q i f i f f i f f l f l i i j / 彳 1 
Temperature fluctuation Benzene removal NOj removal 
• 
VOC NOx Noise 
Figure 5. A flowchart showing the framework of study 
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2.1 Source of Materials 
2.1.1 Ingredients of Plant Growth Substrate 
Paper mulch (PM) was brought in Shenzhen Sincere Garden & Turf Co., Ltd (深圳 
市_淼森園林草坪有限公司)• It was made from waste wrapping paper and cardboard 
by mechanical blending. It was made for hydroseeding and slope greening use. Spent 
mushroom compost (SMC) utilized in this study was spent sawdust compost of Pleurotus 
pulmonarius. It was produced in mushroom cultivation complex, The Chinese University 
of Hong Kong. The production procedure is shown in Figure 6. 
Rice hull is the protective hard coating of rice grains and is commonly regarded as 
low economic value by-product of rice production industry. It has low digestibility, low 
bulk density and abrasive characteristics but it is widely abundant. It has high lignin (16%) 
and high ash content (mostly silica, 20%) which render it being slowly biodegrading in 
environment (Saha and Cotta, 2008). 
Super absorbent polymer (SAP) was brought in Guangzhou Chuangwei Company 
(廣州倉�J唯公司)• The SAP was of mesh size 20 - 100. It was a copolymer of polyacrylic 
acid sodium (聚丙烯酸鈉，PAAS) and polyacrylamide (聚丙燏酰胺，PAM) made from 
acrylic acid, arylamide and sodium hydroxide. 
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Sawdust 85% wAv + wheat bran 13% w/w + lime 1% w w . sugar 1% w/w i 
Additional 1% matured compost + 60% vJv water content 
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Figure 6. A flowchart showing the production process of SMC 
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For this major constituent of the bioremediation system, Wedelia trilobata was 
selected for the experiment. Wedelia trilobata (Family: Compositae) is a perennial 
herbaceous plant which is good for groimdcover in hot, dry conditions (Figure 8). It has a 
lobed evergreen leaf and bears yellow inflorescence. Wedelia is commonly seen in 
roadside plantation. It has a dense growing habit and grows very fast. Its stem is long and 
creeping. One of its favourable properties is "it roots easily when in contact with moist 
soil". This saves time in propagation (Oilman, 1999). 
Plantlets for experiments were prepared by node cutting and hydroculturing from the 
stock in Gene Garden, The Chinese University of Hong Kong. The culturing of plantlets 
was done in the laboratory environment at Room E404, Science Centre, The Chinese 
University of Hong Kong. 
國 
Figure 8. Outlook of Wedelia trilobata 
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2.2 Formulation of the Plant Substrate 
The matrix of the bioremediation system, which is the substrate for the plant, was 
made primarily from paper mulch and spent mushroom compost (Figure 9). Paper mulch 
is made from waste paper and is a common plant anchorage soilless matrix in slope 
greening. Paper mulch was selected due to its inert property and was sticky enough to 
serve as structural purpose. Spent mushroom compost, as stated before, contains rich 
amount of microbes and serves as the active ingredient of the bioremediation system. 
These two materials are of low cost and fulfill the principle of sustainability. Apart from 
these two wastes, a synthetic compound, known as superabsorbent polymer, was added in 
tiny amount to the system as a supplement to increase the water holding capacity of the 
system and speed of water absorption, thereby saving water and reducing maintenance. 
And finally as to reduce the shrinkage of substrate after drying, rice hull was added into 
the growth substrate as the fourth ingredient. 
Bmma 
Figure 9. Ingredients of the Wedelia-gjcowing substrate 
2.2.1 Water Holding Capacity 
In other to know the maximum amount of water which the substrate could carry, 
water holding capacity (WHC) was tested. More water can be captured by the substrate if 
it has higher WHC. WHC was determined by a "soak and drain" method where extra 
water in saturated plant substrate is extracted by gravity (Canadian Society of Soil 
Science, 1993). Around 1 cm thick of plant substrate was placed into Bucker funnel with 
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a high flow filter paper under the samples. Distilled water was added to just immerse the 
substrate. After two hours when the samples were saturated with water, the bucker 
fimnels were taken out from the water bath and allowed to drain its excess water under 
free gravity for two hours to reach water-soil equilibrium. Then the substrate was 
transferred to an aluminum foil basket for fresh weight measurement. The sample then 
was oven dried at 105�C overnight and its dry weight was measured. The maximum water 
holding capacity was expressed in term of gravimetric WHC and calculated by the 
following equations: 
Gravimetric WHC = 100% x [fVy^-W^]/ Wd 
where Wy^  is the gravimetric water content, Wd is the dry weight of plant substrate. 
2.2.2 Water Retention 
Water retention of different formulated plant substrates was studied in order to 
understand the rate of water loss by different plant substrates. The plant substrates was 
homogenized and watered to 70% WHC water content. Then 1 cm thick plant substrate 
was placed onto a petri dish which was then incubated in a walk-in chamber (25®C, 12 hr 
light/12 hr dark cycle) for 7 days. The samples were randomly placed inside the chamber. 
Weight (by electronic balance AND FX-3000) of the substrate was recorded for 7 days 
(data recorded on Day 0，0.5, 1，2, 3,4，5 and 7). Water retention was expressed in terms 
of gravimetric water content (Amount of water per unit weight of sample in percent). Six 
replicates per treatment/control were performed. 
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Figure 10. A picture showing the water retention experiment done in a walk-in chamber 
2.2.3 Seed Germination Toxicity and Tissue Elongation 
Seeds of one monocotyledonous species and two dicotyledonous species, namely: 
seeds of wheat {Triticum aestivum), green bean {Vigna radiatd) and Indian mustard 
{Brassica juncea), were used for the seed germination and elongation test. All seeds were 
purchased from a local market. The seed germination and root elongation tests were 
performed following a combined procedures described by Linder et al. (1990), Plaza et al. 
(2005) and Salvatore et al. (2008). 
The tests were conducted by placing 1 cm thick plant substrate in a petri dish with 
gravimetric water content adjusted to 70% WHC. Twenty seeds were pre-treated by 
immersing them into 0.5% hypochlorite solution (diluted from Clorox® Regular Bleach) 
for 20 min for surface disinfection. Then they were rinsed five times with distilled water 
and placed onto the substrate. Controls using filter-paper wetted with distilled water were 
prepared in the same way as the plant substrate samples. Incubation was performed by 
placing the Petri dishes in a walk-in environmental chamber at 25°C in 12 hr light/12 hr 
dark light cycle. After 5 days, the seed germination and the emerged tissue elongation 
were calculated and measured. The standard of germination was "emerged tissue length 
attains > 3 mm". 
The responses were expressed in relative germination and relative tissue length 
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compared to water control. And also in term of germination index (GI) calculated 
according to the following formula: 
Germination index (%) = Seed germination (%) x tissue length (mm) of treatment ^ ^ � 
Seed germination (%) x tissue length (mm) of control 
2.2.4 Bulk Density and Porosity 
100 cm3 of 70% water saturated sample was measured using a 100 ml beaker. 
Sample was filled into a beaker to obtain 100 cm^ volume sample. The sample was then 
dried at 105°C overnight and the dry weight was measured. The bulk density was 
calculated as follows (Canadian Society of Soil Science, 1993): 
Bulk density = Sample dry weight (g) 
Volume of sample (cm ) 
Particle density was measured by putting a known weighed oven-dried soil sample 
in a flask with distilled water (for SAP, 5M NaCl solution is used to prevent extensive 
water sorption) until a specified volume is obtained (50 ml in volumetric flask) (GLOBE, 
2005). 
The soil/water mixture was boiled and sonicated (for SAP, heated and sonicated) to 
remove all air from the sample. The mass of the mixture was then measured after the 
mixture had cooled and added up to 50.0 ml with degassed water. In each batch of sample, 
a volumetric flask containing purely distilled water (5M NaCl solution for SAP) was 
weighed to obtain the density of water at room temperature. The particle density (g/cm^) 
was calculated from the mass of the solid particles in a specified volume: 
^ . , ^ . Mass of soil sample Particle Density = — 
, Mass of water 50ml 
Density of water 
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Total porosity of soils generally indicates the degree of compaction in a soil (Landon, 1991). 
Porosity was calculated from the bulk density and the particle density. The calculation was 
based on method mentioned by the Canadian Society of Soil Science (1993): 
Porosity = 100% x Particle Density - Bulk Density 
Particle Density 
2.2.5 Substrate Shrinkage 
Soil shrinkage is the process of soil material contracting to a lesser volume when 
water is lost on drying (McKenzie et al.，2002). Substrate shrinkage may reduce substrate 
stability and water reabsorption ability. Soil shrinkage was measured in terms of surface 
area by image analysis after 7 days water desorption in a walk-in chamber (25°C, 12 hr 
dark/12 hr light cycle, in Green House, CUHK). 
1 cm thick plant substrate in a petri dish which initially had 70%WHC water content 
was placed in the walk-in chamber for 7 days. Image of upper/lower surface of the 
substrate was scanned (by HP ScanJet 5379C) and its area was analyzed by ImageTool 
3.0. The surface area was compared with initial area and shrinkage % of the substrates 
was calculated: 
Shrinkage % = Final surface area ^ ^  • 
Initial surface area 
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2.3 Characterization of the Materials 
2.3.1 DH 
pH is a measure of the acidity based on its hydrogen ion concentration and is defined 
as the negative logarithm of hydrogen ion concentration. pH in plant substrates was 
measured by 0.01 M CaCb extraction (1:10 w/v for formulated substrate and its 
ingredients; except 1:100 w/v for SAP) followed by contact electrode measurement. 
Analysis was done by following a method from the Canadian Society of Soil Science 
(1993). 
2.00 g of an oven-dried sample (0.200 g for SAP) was weighed into a 50 ml conical 
flask and 20.0 ml of 0.01 M CaCb (AJAX, cat. no. 127) was added. The mixture was 
shaken on a mechanical shaker at 180 ipm for 30 minutes. After one hour of shaking, a 
pH meter (Thermo Orion 410A+ pH meter) was immersed into the clear supernatant of 
the mixture and pH was measured. 
2.3.2 Electrical Conductivity 
Electrical conductivity (EC) is a measurement of total solute concentration and is 
related to electrical current conducting ability in the material. EC was determined by a 
saturated paste method by Soil and Plant Analysis Council (1999). 
Water was added into a 10.0 g sample until 100% saturation. The samples were 
shaken for 30 minutes at 180 rpm. The saturated phase of a sample was transferred to a 
Buchner funnel with highly retentive filter paper (Whatman No. 40，Cat No. 
WTM-1440-070) and the water was drawn out from the saturated plant substrate by 
applying vacuum. The solution collected was tested for its electrical conductivity using a 
conductivity meter (Checkmate Conductivity/TDS Sensor, Cat. No. 473621). 
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2.3.3 % Organic Matter 
The organic matter determination procedure follows a loss-on-ignition reference 
procedure described by Soil and Plant Analysis Council (1999). 5 g formulated substrate 
or its ingredients were weighed into a 250 ml conical flask. The flask then was placed 
inside a drying oven set at 105°C for four hours to determine its initial dry weight. After 
that, the flask was placed into a muffle furnace (Thermdyne F62730-26) set at 400�C for 
four hours. The weight after ignition was measured after the flask was cooled down in a 
dry atmosphere. 
The percent organic matter was calculated by the formula: 
% organic matter = [{Wws 一 Wm) xlOO]/ Wws 
Where Wws is weight of sample at 105°C and W400 is weight of soil at 400°C. 
2.3.4 Nutrient Contents (Nitrogen, Phosphorus. Potassium, Magnesium, Calcium. 
Sodium, Iron) 
Plant macro-nutrients which are essential for plant growth were investigated. 
Nutrients concentrations in different materials (e.g. PM, SMC, rice hull，SAP) were 
investigated included total Kjeldahl nitrogen, total phosphorus, total potassium and other 
major cations (Mg, Ca, Na, Fe) together with available forms of nitrogen and phosphorus. 
A material having higher macro-nutrients contents indicates higher ability to sustain plant 
growth. 
Total Kjeldahl nitrogen and total phosphorus contents were determined by acid 
digestion followed by Skalar San料 Automated Wet Chemistry Analyzer (AlA) detection. 
0.2 g of formulated substrate or its ingredients was weighed into a digestion tube. 3 ml 
98% sulphuric acid (BDH，Cat. No. 102766H) and 0.5 g Kjeldahl catalyst Mix (Brand: 
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Riedel-deltaen, Cat. No. 31816，mixture of NaaSsOs and CUSO4) were added for acid 
digestion (Rutherford et al., 2008). 
Samples were heated in a heating digestion block (Guyline Technologies Ltd Heating 
Digester VELP DK20) for 220°C for 1.5 hr and then 380°C digestion for 3.5 hr. The 
samples were cooled down and diluted to about 10 ml with deionized water. Then the 
acid hydrolysate was filtered through a Whatman no. 40 filter paper and diluted to mark 
in a 50 ml volumetric flask. The total Kjeldahl nitrogen was determined by AIA using 
standard protocols provided by the AIA manufacturer. 
MIBfiltflHihinSflMlf TWft1lti*T*iA�**1| 1 inf 華广17 f 噴it in if •^JKAm^xv^  <ivr'6ftiri|ti utVv , 崎 ^ tr-^  jAfm 
Total potassium, calcium, magnesium, sodium and iron contents in different samples 
were determined by mixed acid digestion followed by atomic absorption 
spectrophotometry (AAS) detection (Canadian Society of Soil Science, 1993). 0.5 g 
freeze-dried sample was weighed and transferred to a digestion tube. Then 5 ml acid 
mixture (2:1 nitric acid: perchloric acid made from Nitric acid, 70%, Fisher, Cat. No. 
N/2300/PC17 and Perchloric acid, 70%, BDH, Cat. no. 101764B) were added. The 
sample mixtures were digested for 15 min in 60°C then 75 min in 120°C in a heating 
digestion block (Guyline Technologies Ltd Heating Digester VELP DK20). After that, the 
solutions were filtered by Whatman No.40 filter paper (Cat No. WTM-1440-070), and the 
filtrate was transferred to and diluted by ultrapure water in a 50.00 ml in V-flasks. 
Concentrations of major cations (potassium, calcium, magnesium, sodium and iron) were 
determined by AAS (Hitachi Z-2300 Flame AAS). Total Phosphorus was determined by 
AIA using standard protocols provided by the AIA manufacturer. 
n ^ m s m ^ ^ m m m m m L 
The plant available nitrogen includes available ammonium, nitrite and nitrate. The 
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analysis was begun by 2M potassium chloride extraction (Soil and Plant Analysis Council, 
1999) and concentrations of the concerned ions were determined by AIA with standard 
solutions. 
0.5g freeze-dried sample was put in a 50 ml conical flask. 25.00 ml (50.00 ml for 
SAP) 2M potassium chloride (RDH, Cat. No. 12636) were then added. The mixture was 
shaken at 180 rpm for 15 minutes. The suspension was allowed to settle and filtered 
through a Whatman no. 40 filter paper (Cat No. WTM-1440-070). The filtrate samples 
were preserved under 4°C for no more than 1 day if not analyzed immediately. Then 
available ammonium and nitrogen oxides were measured by AIA using standard 
protocols provided by the AIA manufacturer. 
购 or Qaffoiil 
Water-soluble and rapidly exchangeable fractions of phosphorus and major cations 
including potassium, calcium, magnesium, sodium and iron were measured after neutral 
IM ammonium acetate (NHjOAc) extraction (Canadian Society of Soil Science, 1993; 
Soil and Plant Analysis Council, 1999). Those extractable nutrients are readily available 
for plants. 
1 g sample was put in a conical flask. Then 50 ml (100 ml for SAP) neutral IM 
ammonium acetate solution (Sigma, Cat. No. A-8920) were added. The mixture was 
shaken at 180 rpm for 15 minutes. The suspension was filtered through a Whatman no. 40 
filter paper (Cat No. WTM-1440-070). The filtrate samples were preserved under 4°C for 
no more than 1 day if not analyzed immediately. 
NILjOAc-extractable P was then determined by AIA using standard protocols 
provided by the AIA manufacturer and NHjOAc-Extractable K, Ca，Mg，Na and Fe were 
determined by AAS (Hitachi Z-2300 Flame AAS). 
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2.3.5 Total Organic Carbon 
Total Organic Carbon (TOC) content in the formulated substrate and its ingredients 
(PM, SMC, rice hull and SAP) were analyzed by Shimadzu Total Organic Carbon 
Analyzer System (TOC-VSCH) with Solid Sample Combustion Unit (SSM-5000A). 
Total carbon (TC) was measured by transforming all the carbon inside the sample into 
carbon dioxide by catalytically aided combustion oxidation at 900°C followed by 
non-dispersive infrared sensor (NDIR) detection of carbon dioxide content. Similarly, 
inorganic carbon (IC) was detected by the TOC system after conversion of inorganic 
carbon into carbon dioxide by phosphoric acid (85%, ACS grade, AJAX, Cat. No. 371) at 
200�C. 
The total organic carbon was then calculated and expressed on a weight percent basis: 
Total Organic Carbon (TOC) = TC - IC 
2.3.6 Detection for Heavy Metal Contaminants 
Because some of the ingredients of the growth substrate are wastes, in order to 
ensure there is no potential hazard from the bioremediation system, heavy metal contents 
and organic contaminant contents were analyzed. Heavy metal contents in different 
samples were determined by mixed acid digestion (Canadian Society of Soil Science, 
1993) followed by atomic absorption spectrophotometry (AAS) detection. 
Totally seven heavy metals: cadmium, copper, lead, chromium, nickel, zinc and 
mercury were analyzed. 2.5 g of freeze-dried mineral soil or organic plant substrate was 
weighed and transferred to digestion tube. Then 10 ml acid mixture (2:1 nitric acid: 
perchloric acid made from Nitric acid, 70%，Fisher, Cat. No. N/2300/PC17 and 
Perchloric acid, 70%, BDH, Cat. no. 101764B) were added. The sample mixtures were 
digested for 15 min in 60°C then 75 min in 120°C (Canadian Society of Soil Science, 
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1993) in a heating digestion block (Guyline Technologies Ltd Heating Digester VELP 
DK20). After that, the solutions were filtered by a Whatman No.40 filter paper (Cat No. 
WTM-1440-070) and diluted into a 50.00 ml in V-flask. Concentrations of heavy metals 
(Cd, Cr, Pb, Zn, Cu，Ni, Hg) were determined by Flame AAS (Hitachi Z-2300 Flame 
AAS with Mercury/Metallic Hydride Generating System). 
2.3.7 Detection for Organic Contaminants 
Extraction procedures 
The organic fraction of 1.00 g growth substrate or substrate ingredients was 
extracted with 10 ml dichloromethane (ACS reagent, Fluka, Cat. No. 66740) shaken at 
200 rpm for 2 hr (Chan, 2005). After the first extraction, it was repeated with another 10 
ml solvent for another 2 hours. The solvent fractions were pooled to a 50 ml round 
bottom flask and then concentrated and evaporated at 60®C by a rotary evaporator with a 
vacuum pump. One ml of dichloromethane (HPLC grade, Fluka, Cat. No. 66746) was 
used to redissolve the sample after evaporation. The dichloromethane was filtered by a 
0.45 i^m filter (Acrodisc syringe filters 4CR PTFE) and kept at -20�C for gas 
chromatography - mass spectrometry (GC-MSD) measurement. The model of GC-MS 
used was Agilent Technologies 6890N Network GC System (w/ Agilent 19091S-433 
HP-5MS 5% phenyl methyl siloxane capillary column 30.0 m x 250 i^m x 0.25 i^m 
nominal) and Agilent 5973 Network Mass Selective Detector. Peaks were integrated by 
ChemStation Autointegration and identified by NIST05 library. 
Separation of sample components was performed on Agilent Technologies HP-5MS 
column. The conditions and temperature profiles for organic contaminants analysis are 
listed in Table 8. Calibration curves of plasticizers which were found in the materials are 
shown in Figure 11. 
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Table 8. GC-MS conditions set for detection of organic contaminants 
Item Setting 
i M ^ i M s ® 碰 f e 遍 fc•鍾跌mm 
Inlets Temperature 280�C 
Carrier Gas Helium 
Air flow 2.0 ml/min 
Oven Ramp 1 8°C/min to 300°C hold for 10 min 
Aux Temperature 250�C 
MS EM Voltage 400 relative 
Acquisition Mode Scan 
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Figure 11. A graph of two calibration curves of two plasticizers — 
(a) dibutyl phthalate; (b) bis(2-ethylhexyl) phthalate 
2.3.8 Extraction Efficiency of Heavy Metal Content and Organic Contaminants 
From the equation: Extraction efficiency (EE) (%) = (Ae/Aj) x 100 % 
EE is the percentage of target organic compound or heavy metal extracted from the 
sample; Ae is the amount of chemical (mg) detected by the method and Aj is the amount 
of chemical (mg) actually present in the sample. 
In order to check the extraction efficiency of the heavy metals and organic 
contaminants, 3 replicates of blank sample and 3 replicates of sample with known 
concentration of the chemical (0.5 ppm Cd, Cr, Pb, Zn, Cu and Ni; 0.05 ppm Hg; 52.6 
ppm Dibutyl phthalate; 47.8 ppm Bis(2-ethylhexyl) phthalate were spiked. Dibutyl 
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phthalate used was from RDH, Cat. No. 36736 and Bis(2-ethylhexyl) phthalate was from 
RDH，Cat. No. 36735). Heavy metal standards were prepared from standard solutions 
from High-Purity Standards, Inc (Cd: Cat. No. 10008-2; Cr: Cat. No. 100012-1; Pb: Cat. 
No. 100028-1; Zn: Cat. No. 100068-1; Cu: Cat. No. 100014-1; Ni: Cat. No. 100036-1; 
Hg: Cat. No. 100033-1). 
The samples were then undergone the whole extraction procedure and detected by 
the same method as other samples. The sample matrix used for determining EE was the 
formulated substrates (comprise ofPM, SMC, rice hull and SAP). The extraction 
efficiency was calculated by the equation: 
([sample added with chemical] - [blank sample])/ Cone, of chemical added x 100%. 
The extraction efficiencies of heavy metals and organic contaminants are listed in 
the Table 9. 
Table 9. Extraction efficiencies of heavy metals and organic contaminants in soil 
(Mean 士 SD) 
Extraction Efficiency (%) 
Heavy metal 
— Cu 103.4 土 1.7 
m 101.3 士 2.3 
a 103.3 土 5.9 
^ 8 0 . 8 士 1 2 . 2 
^ 100.7 士 2.2 
^ 87.1 土2.2 
^ 94.2 士 10.7 
Organic contaminant 
Dibutyl phthalate 93.8 土 6.8 
— Bis(2-ethylhexyl) phthalate 105.8 士 4.9 
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2.3.9 Outdoor Growing Trial of the Bioremediation System using Various Plant 
Species 
Six plant species were selected to grow on the formulated substrate by seedlings and 
three plant species {Wedelia trilobata, Epipremnum aureum and Zoysia matrella) were 
selected to grow on the formulated substrate by vegetative propagation (Table 10). 
The seeds of the six species {Brassica juncea, Sesbania cannabina, Lotus corniculatus, 
Zoysia japonica, Triticum aestivum, Medicago sativa) were directly sown into the planting 
container (inner: 28.5 x 47.5 cm). Except Zoysia japonica which was sown thoroughly into 
the container with around 1 seed/cm，the seeds were sown in 3 rows, totally 18 individuals 
into the planting containers. Each planting container contained 7 kg formulated substrate (5 
cm thick). The determined germination percentages of seeds tested in ultrapure water inside a 
28�C incubator exceeded 80%. 
Wedelia trilobata and Epipremnum aureum were planted using hydroponic-cultured 
plantlets. They were planted into the containers (inner: 40.5 x 26.0 cm) in 3 rows, totally 15 
individuals. Zoysia matrella was planted into the containers using a grass rod. Each planting 
container contained 5.4 kg formulated substrate (5 cm thick). 
All the baskets were placed at an openyard outside the mushroom cultivation complex, 
CUHK (Figure 12) and watered weekly. The baskets were inspected visually and photos were 
taken during monitoring. 
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Table 10. List of plant species used for outdoor growing trial 
Chinese Common Name Common Use 
Wedelia trilobata 三裂葉膨棋菊 Ground cover 
Epipremnum aureum 黃金葛 Horticulture 
^oysia matrella 溝葉結縷草/馬尼拉草 Lawn grass 
Brassicajuncea 芥菜 Food crop ~ 
Sesbania cannabina 田菁 Green manure 
Lotus corniculatus 百脈根 Ground cover 
Zoysiajaponica 曰本結縷草/朝鮮草 Lawn grass 
Triticum aestivum 小麥 Food crop 
Medicago sativa 紫花苜猜 Ground cover, Green manure 
Figure 12. An outdoor growing trial for plants cultivated on the formulated substrate 
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2.4 Characterization of the Plant 
2.4.1 Leaf Area Estimation 
Leaf area was found to have a relationship with other leaf parameters (e.g. leaf 
length，leaf width, midrib length) (Williams and Martinson, 2003; Serdar and Demirsoy, 
2006; Kandiaiman et al.，2009). Therefore leaf area can be estimated from leaf length 
nondestructively. The relationship of leaf area and leaf length of Wedelia trilobata was 
studied in order to provide an equation for estimating leaf area. 
The relationship was analyzed using image analysis of digitalized images. Different 
sizes of Wedelia leaves were carefully detached from live plants. Digital images were 
obtained from scanning (HP ScanJet 5379C) the Wedelia leaves (n = 239) with 55 mm 
filter paper acting as area and length reference. The leaf region was marked using Adobe 
Photoshop 8.0. Leaf length and leaf area of samples were analyzed using ImageTool 3.0 
by comparing to the length and area of the filter paper image (Figure 13). Afterwards, 
regression analysis using different types of equations was carried out (Figure 14). The 
equation having the highest coefficient of determination (R^) was used for leaf area 
estimation in later experiments. Regression 2 (少=0.2793x^ + 0.1086x, where 少 is 
estimated leaf area, x is leaf length) was used in this study to estimate leaf area of Wedelia 
leaves. 
Figure 13. Digitalized images of scanned leaves by Photoshop for area estimation 
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Figure 14. Regression analysis on leaf length and area of scanned leaves 
2.4.2 Density of Plantlet 
Density of plantlets (5 cm height) was measured by the procedures similar to Section 
2.2.4. Fresh plantlet was weighed and put into a weighed 50 mL volumetric flask. 
Distilled water was added to the mark of the flask to obtain 50 mL volume in total. The 
plant/water mixture was sonicated and was shaken to remove air bubbles inside the flask. 
The mass of the mixture was then measured. In addition, volumetric flasks containing 
purely distilled water were weighed to obtain the density of water at room temperature. 
The density of plantlet (g/cm^) was calculated from the mass of the plantlet in a specified 
volume: 
Density of plantlet = ^ ^ Mass of p l^ t sample 
cA 1 Mass of water inside the flask 50ml 
Density of water 
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Averaged value from measured density often plantlets was 0.943土0.057 g/cm^ and 
this value was used to estimate the volume of plantlets from their fresh weight in the later 
experiments: 
Volume (cm^) = Mass (g) / Density (g/cm^) 
2.4.3 Growth Rate of Plantlet in Water 
The growth rate of Wedelia trilobata in hydroponic culture was studied to understand 
the time needed to obtain suitable plantlets for stimulation experiments. Epipremnum 
aureum was selected for comparing their growth rates. 
Thirty plantlets each of the two plant species (Epipremnum aureum and Wedelia 
trilobata) were cut from a single node from mother plants in GM Farm, The Chinese 
University of Hong Kong. The plantlets were cleaned with distilled water and were dried 
under air for two hours. After drying, the plantlets were transferred into a 50 ml container 
containing 50 ml distilled water. The plantlets were randomly placed on an indoor table 
next to windows (as shown in Figure 15) illuminated by natural light and lamps. The root 
length, total root number, length of newly emerged shoot and leaf length were monitored 
for 6 weeks and total leaf area was estimated using equation established previously 
(Chapter 2.4.1). Throughout the experiment period, periodic watering using distilled 
water was done three times a week. 
Figure 15. The setup for comparing growth rates of plants grown on the formulated substrate 
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2.5 Temperature Stabilization Test 
An enclosed chamber was placed inside a refrigerated incubator (Thermoline 
Refrigerated incubator FR285C) with light (two SOW fluorescent lamps). Temperature 
inside the chamber was monitored using an electronic thermometer (UNI-T UT325 
Thermometer) and auto-recorded every two minutes. 
Fluctuation of temperature was artificially created by setting different temperatures 
in a refrigerated incubator according to the temperature setting shown in Table 11. A 
chamber with the bioremediation system was compared with the chamber with empty 
petri dish only to see if the presence of the bioremediation system can stabilize the inside 
temperature. 
Table 11. Temperature setting of the refrigerated incubator 
Time Temperature set Duration Event 
(min) ("C) (min) 
-4 — 4 Start temperature recording 
34 15 74 
136 — — End of Experiment 
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The bioremediation system was prepared in a mini-setup using a petri dish (8.8 cm 
in diameter, Sterilin, Cat No. 101VR20). 63.01 g fresh weight (10.59 g dry weight) of 
formulated substrate was put into a petri dish resulted in 1 cm thick substrate. One 10 cm 
tall plantlet (9.6土0.8 cm height; 1.7士0.2 g fresh weight; 20.5士4.3 cm^ estimated total leaf 
area) was placed into each petri dish containing substrate for a complete system. Petri 
dish with the formulated substrate and petri dish with plant and substrates were tested to 
see if there was any temperature stabilization effect on various components. 
One, two or four petri dish with or without the bioremediation system was placed 
into the enclosed chamber to investigate the effect of various amounts of bioremediation 
system on temperature stabilization. Four petri dishes with four 5 cm plantlets (5.7土0.2 
cm height; 4.0±0.3 g fresh weight; 83.7士 12.2 cm^ estimated total leaf area) were also 
tested. 
51 
2.6 NOi Removal Test 
2.6.1 Preparation of Plantlets 
Plant materials of Wedelia trilobata were cut from a stock in GM Farm, CUHK and 
were transported into laboratory for vegetative propagation. The plant materials were cleaned 
by running tap water and each single node with two mature leaves were cut. 
The cut nodes were cultivated in Science Centre Room E404, CUHK by hydroponic 
culture using tap water. The newly emerged shoots together with roots (around 5 cm in height) 
were used for experiment. 
IH^HH A H 
Figure 16. Propagation of Wedelia trilobata plantlets in Room E404, Science Centre 
2.6.2 Generation and Sampling of NOi 
Production of nitrogen monoxide (NO) was performed by pumping sodium nitrite 
solution (Sigma, Cat. No. S-3421) into a mixed solution of 10% phosphoric acid and 2% 
ascorbic acid (modified from Toda et al., 2007). The NO gas concentration produced was 
changed by varying the concentration of sodium nitrite solution (0.125 � 9 0 m g NCV/L). The 
NO gas generated was diluted by a stream of air (air pumped by two Nissei Air Pump NS-Bl 
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in parallel) and maintained at a flow rate of 0.8 Litre per Minute (LPM). The diluted gas was 
passed through a NO oxidizer which consisted of 0.10 g potassium permanganate (ACS 
grade，AJAX, cat. No. 414) and 5.00 ml mixed acids of phosphoric acid and sulfuric acid 
(Buck and Stratmaim, 1967). The mixed acid was prepared by mixing 100 ml 60% H3PO4 
(from 85%, ACS grade, AJAX, Cat. No. 371) with 10 ml 98% H2SO4 (BDH，Cat. No. 
102766H). The NO was converted into nitrogen dioxide (NO2). 
The gas flow was split into four identical streams with each of them having 0.2 LPM and 
was flowed into 2 litre exposure chambers (Air-tight Container, Cat. No. 1931, Star Industrial 
Co., Ltd.). The retention time (named as residence time in some other related studies) was 10 
minutes for the gas inside chambers. The dimensions of the chambers were Length 188 x 
Width 167 X Height 200 mm. One of the exposure chambers was kept empty for baseline 
monitoring of NO2 concentration. The other three were acted as sample chambers. The whole 
system was placed inside a fume hood (Sigma System™ Fume Hood, Mott Manufacturing 
Ltd) when started the exposure if not otherwise specified. 
The off-gas of the chambers was sampled using impingers via a China official standard 
method for determination of NO2 in ambient air - HJ 479-2009. The absorbing solution in 
impinger is a mixture of sulfanilic acid (99%，ACS reagent, Sigma, Cat. No. 251917) and 
N-(l-naphthyl)-ethylenediamine (BDH, Cat. No. 29304) in acetic acid (RDH, Cat. No. 33209) 
solution (called as Griess-Saltzman reagent). After absorbing nitrogen dioxide, the solution 
mixture will form a pink dye molecule, which can be monitored at 540 nm using UV/VIS 
spectrophotometry (Helios Y UV-Vis Spectrophotometer). The consistency of the NO2 
exposure setup via experimental trials is shown in Table 12. Empty chamber absorption was 
found to be 3.7土0.8%. 
Removal efficiency (RE) and removal capacity (RC, sometimes named as elimination 
capacity in some other related studies) are calculated by the following equations: 
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RE = (Pollutantin 一 PollutantouO / Pollutantin x 100% 
RC per weight= Gas flow x (Pollutantin - PollutantouO / Dry Weight of System 
RC per volume = Gas flow x (Pollutantin - PollutantouO 丨 Estimated Volume of System 
EXPOSURE CHAMBER DETECTION 
UNIT 
Experimental Chamter Inpinger 
Rotameter _ jH 
(Floater) Y ^ y J j i ^ I I 
f Reagent D 
6 A S GENERATOR j 
NO Gas generator I • y • f > 
\ I ^ ^ ^ 
(NO Oxidizer) V ^ • • jj 
mJ Vj 上 I 1 
Figure 17. A schematic diagram of the laboratory setup for removal of NO2 
(Reagent A: various concentrations ofNaNO� solution; Reagent B: 20 mL 10% H3PO4 and 
2% Ascorbic acid; Reagent C: 0.1 g KMn04 in mixed acid; Reagent D: Griess-Saltzman 
reagent) 
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Figure 18. A photo showing the laboratory setup for removal of NO2 
Table 12. Consistency of the NO2 exposure setup 
Concentration Detected (mg/m^) Relative standard deviation 
Mean ^ between chambers (%) 
Trial 1# 1.68 ~ 0.06 — 3 3 
Trial 2# 1.60 — 0.10 一 ^ 
Trial 3# 1.56 — 0.07 一 4.3 
Trial 4 0.22 ~ 2.0 一 
Trials 4.53 一 0.26 “ 5.6 
Across 1 � 3 1.61 0.06 3.8& 
：Trial 1-3 were conducted using same experimental conditions (same gas concentration 
expected) 
：Relative standard deviation between trials 1 to 3 
2.6.3 Effect of NOi Concentration on RE 
The substrate was mixed according to the optimized formulation (64.25% PM, 25.00% 
SMC, 10.00% rice hull and 0.75% SAP). Four plantlets which were 5.0±0.5 cm height and 
3.20 士0.20 g totally were put onto the formulated substrate in a petri dish (Sterilin 90 mm 
petri dish. Cat No. 101VR20). The bioremediation systems were acclimated at room 
conditions for two weeks before experiment. 
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The bioremediation systems were re-watered to 70% saturation and put into the sample 
chambers. Duration of NO2 exposure was 2 hours. The first hour was for system stabilization 
and the outlet of the exposure chambers were sampled in the second hour. Exposed NO2 
concentration ranged from 0.15 to 72.95 mg/ml 
After the exposure, plantlets were undergone extraction and post tests including the 
measurements of chlorophyll content, phenolic content and antioxidation enzymes (POX, 
SOD, CAT) of the plantlets. 
攀 
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Figure 19. A bioremediation system having 1 cm thick substrate and four plantlets 
on 90 mm petri dish 
2.6.4 Effect of Various Combinations in the Bioremediation System 
The substrate was mixed according to the optimized formulation. Various combinations 
of bioremediation systems were mixed. The varying factors in the combinations included the 
number of plantlets (0，1，4，7), substrate thickness (0.5 cm, 1 cm, 1.5 cm) and exposed 
substrate surface area (IX，1.72X, 2.45X, 3.19X of normal petri dish surface area; IX = 60.8 
cm ). Mini-setup on wire mesh (made of steel，dimension: 12 cmx9 cmx2 cm, 1 c m x l cm 
mesh hole, purchased from local market with manual modifications) which had all the 
surface areas being exposed during test (Figure 25). All plantlets used were of height 5.0±0.5 
cm. 
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The bioremediation systems were acclimated at room conditions for two weeks before 
experiment. The exposed NO2 concentration was set at 0.3 mg/m^ which was equivalent to 
the current 1 hour AQO in Hong Kong. Conditions of gaseous NO2 generation were kept 
constant. Exposure time was 2 hours. The first hour was for system stabilization and the 
outlet of the exposure chambers were sampled in the second hour. 
2.6.5 Comparison to Photocatalytic Paint Physical Sorbents and Other Planting 
Media 
For the bioremediation system, substrate was mixed according to the optimized 
formulation using normal size petri dish (1 cm thick, 10.59 g dry formulated substrate) 
(Sterilin 90 mm petri dish, Cat No. 101VR20). There was four plantlets (height = 5.0±0.5 cm; 
total weight = 3.20±0.20 g) on the dish. The plantlets were left for acclimation on the 
substrate for two weeks before experiment and re-water to 70% saturation prior to NO2 
exposure. The comparison was done by keeping the volume (except photocatalytic paint) and 
exposed surface area constant in various samples. All samples were inside 90 mm petri 
dishes. 
For photocatalytic paint, commercially available latex paint containing nano-TiO] 
(obtained from local market; Flower® Anti-formaldehyde Odour-less Interior Emulsion Paint) 
was used (Figure 20). Paint film was applied to the bottom of petri dish (Sterilin 90 mm petri 
dish. Cat No. 101VR20) and two coats of paint were applied on the same surface (Figure 21). 
The final dried weight of the paint film on petri dish was approximately 2 g. In the exposure 
to NO2 , the latex paint coating was exposed to UVC source (254 nm wavelength, 15W power, 
Vilber Lourmat T-15C UV-C) for photocatalytic reaction (Figure 22). UVC intensity inside 
the exposure chambers was 1.7士0.3 ^M/cm . 
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Figure 20. A commercial nano-TiC^ containing latex paint 
mmmmmmm 
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Figure 21. A petri dish coated with the photocatalytic paint 
Figure 22. An experimental setup for photocatalytic paint coating illuminated with UVC 
illumination 
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For physical sorbents (Figure 23), three common adsorbents were chosen for 
comparison including granular activated charcoal (abbreviated as "GAC", from 
Sigma-aldrich, 20-60 mesh，Cat No. C-3014), molecular sieve (From Sigma-aldrich, Type 3A, 
pore diameter=3A, 8-12 mesh. Cat No. 20858-2) and silica gel (From Sigma-aldrich, grade 
41，3-9 mesh. Cat. No. 214434). The sorbent was filled into petri dish to have 1 cm thickness 
(calculate on weight basis by the product specification or bulk density measured). 
For other planting media (Figure 24)，one commercially sold organic soil (Abbreviated 
as "Soil-OM", produced by Yat Tsui Garden, Hong Kong) and two mineral soils dug from 
the mushroom cultivation complex (Abbreviated as "Soil-MC") and genetically modified 
crop farm (Abbreviated as "Soil-GM"), The Chinese University of Hong Kong were used for 
comparison. Soil-OM was mainly sphagnum moss peat supplemented with expanded perlite 
and fertilizers. Soil-MC was clay loam soil and Soil-GM was sandy clay soil. Similar with 
the bioremediation system, there were four plantlets (height = 5.0±0.5 cm; total weight = 
3.20±0.20 g) planted on the soil (1 cm thick inside 90 mm petri dish) in each mini-setup. The 
plantlets were left for acclimation on the substrate for two weeks before experiment and 
re-watered to 70% saturation prior to NO2 exposure. 
Exposure of NO2 was set at 0.3 mg/m^ for 2 hours. The first hour was for system 
stabilization and the outlet of the exposure chambers were sampled in the second hour. 
I P P H 
Figure 23. The physical sorbents used for comparison of NO2 removal 
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Figure 24. Three types of planting media used for comparison of NO2 removal 
(right: Soil-OM, middle: Soil-GM, left: Soil-MC) 
2.6.6 Effect of Temperature 
The substrate ingredients were mixed according to the optimized formulation using 
normal size petri dish (Sterilin 90 mm petri dish, Cat No. 101VR20). There was seven 
plantlets (height = 5.0土0.5 cm; total weight = 5.60士0.35 g) on each dish. The plantlets were 
left for acclimation on the formulated substrate (10.59 g dry weight, 1 cm thickness) for two 
weeks before experiment. The system was re-watered to 70% saturation. Then the Petri dish 
was removed and the system was put onto a wire mesh made of steel. The exposure chambers 
together with the bioremediation systems were put into a light incubator (Shel丄ab® Low 
Temperature Incubator Model 2015, Sheldon Manufacturing Inc.) and the temperature was 
set as 15°C, 25°C, 35°C and 45°C before exposure to NO2 . 
Exposure of NO2 was at 0.30 mg/m^ for 2 hours. The first hour was for system 
stabilization and the outlet of the exposure chambers were sampled in the second hour. 
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Figure 25. A bioremediation system having 1 cm thick substrate and seven plantlets 
on wire mesh 
2.6.7 Effect of Retention Time 
Seven plantlets (height = 5.0士0.5 cm; total weight = 5.60士0.35 g) on a petri dish (1 cm 
thick，10.59 g dry substrate) was used for studying the effect of various retention times 
towards RE and RC. The system was rewatered to 70%WHC and put onto a wire mesh made 
of steel prior to NO2 exposure. 
NO2 exposure were done using 0.2LPM, 0.4LPM, 0.6LPM, 0.8LPM, ILPM gas flow 
into exposure chambers with 0.3 mg/vn? NO2 concentration representing 10，5, 3.3, 2.5, 2 
minutes retention of NO2 inside the exposure chambers respectively. Air flows higher than 
0.4LPM were driven by Millipore Vacuum/Pressure Pump. 
2.6.8 Effect of Exposed Time 
The substrate ingredients were mixed according to the optimized formulation (1 cm 
thick, 10.59 g dry weight), and the mixture was put into a petri dish (Sterilin 90 mm petri dish. 
Cat No. 101VR20). There was seven plantlets (height = 5.0±0.5 cm; total weight = 5.60士0.35 
g) on each dish. The plantlets were left for acclimation on the formulated substrate for two 
weeks before experiment. The system was re-watered. Then the petri dish was removed and 
the system was put onto a wire mesh made of steel. Durations of NO2 exposure were 1 hour, 
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4 hours, 8 hours, 24 hours, 2 days，4 days and 7 days followed by 1 hour NO2 sampling. 
There were totally seven sets of samples. For the sample of 7 days, NO2 concentration in the 
outlets was specially sampled within the seven day NO2 exposure period and was sampled 
after started the exposure for 1 hour, 4 hours, 8 hours, 16 hours, 24 hours, 2 days, 3 days, 4 
days，5 days, 6 days and 7 days. No watering was performed during the exposure period. 
After the exposure, plantlets were undergone extraction and post tests. Chlorophyll 
content, phenolic content, antioxidation enzymes (POX, SOD, CAT) and nitrite oxidizing 
enzyme in the plantlets were tested on all samples after treatment. Microbial count was done 
on samples of 24 hours, 2 days, 4 days and 7 days. 
For exposure time equal to and more than one day, reagent B in Figure 17 was replaced 
by as 100 mL 10% H3PO4 (diluted from 85%, ACS grade, AJAX, Cat. No. 371) and 2% 
ascorbic acid (Sigma, Cat. No. A-0278). The reagents were renewed every 24 hours. 
2.6.9 Composition Analysis 
Various portions of bioremediation system was separately tested on their removal of 
NO2 including the substrate, plantlet and water content. Autoclaved substrate and dried 
substrate were also tested to see if the dried portion and microbes have any contribution on 
NO2 removal. Autoclaved substrate was prepared by 121�C streaming for 20 minutes. Dried 
substrate was prepared by freeze-drying by Labconco Freeze Dry System 77535-01. 
Substrate was mixed according to the optimized formulation using the best valued 
combination of substrate (1 cm thick, 104.58 cm surface area, 6.91 g in dry weight) and 
plantlet number (one plantlet). 
Exposure of NO2 was 0.30 mg/m; for 2 hours. The first hour was for system 
stabilization and the outlet of the exposure chambers were sampled in the second hour. 
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2.6.10 Post Tests after NO, Removal Test 
Post tests were performed in the parts of studying the effect of NO2 concentration and 
effect of exposure time. Immediately after the removal test, plantlets were cleaned under tap 
water and were mildly dried using tissue papers. The plantlets were -80�C freeze by deep 
freezer (Nuaire -86�C Ultralow Freezer) until further testing. The plantlets were homogenized 
using liquid nitrogen before distributed for various post tests. The water content of the 
homogenized plantlets was also determined for calculating the dry weight used for various 
extractions. 
In the part of studying the effect of various NO2 concentrations，chlorophyll content, 
phenolic content and activity of antioxidative enzymes including superoxide dismutase 
(SOD)，guaiacol peroxidase (POX) and catalase (CAT) were studied on plantlets roots and 
leaves to see if there is any toxicity on the plants due to NO2 exposure. While in the part of 
exposure time, the above post tests together with activity of nitrite oxidizing enzyme (NiO) in 
leaves, roots and substrate were studied. Total microbial count in the substrate in term of 
bacteria and fungi were studied too. 
2.6.11 Chlorophyll and Carotenoid Contents 
0.02 g homogenized tissue of leaves portion was extracted by 1.2 ml 80% v/v acetone 
(Lab-Scan, Cat. No. A3501) at ice-water bath in an orbital shaker (200 rpm, 4®C, by 
Gallenkamp Orbital Incubator Cooled) for 30 min. After centrifugation for 10 min at 13000 
rpm by MSE Microcenaur (d = 37.5 mm), aliquots of the extracts were taken to determine 
chlorophyll content by spectrophotometry (Helios T UV-Vis Spectrophotometer). Pure 80% 
acetone (v/v) was used to serve as blank (Lichtenthaler, 1987; Ghnaya et al., 2007). 
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The chlorophyll and carotenoid contents in the leaves were determined using the 
following equations (Ghnaya et al” 2007) and expressed as mg g"^  DW: 
12.25^663-2.79^645 
21.50^645- 5.10^63 
Ca-fZ,= 7.15^63+ 18.7U645 
(1000^470- 1.82Ca-85.02Q) / 198 
where Q = chlorophyll a; chlorophyll b; Ca+b= total chlorophyll; C计c= carotenoid, 
Ax = absorbance at 1 (nm). 
2.6.12 Phenolic Content 
Soluble phenolics were determined by the Folin-Ciocalteu method (Singleton and Rossi, 
1965) following the procedure described by Kovacik and Backor (2007) with minor 
modification on the reagent volume. The homogenized fresh leaves or roots (0.05 g) were 
extracted with continuous shaking with an orbital shaker (by Gallenkamp Orbital Incubator 
Cooled) for an hour at 4�C in 0.5 ml 80% methanol (LabScan, Cat. No. A3513). Then the 
mixture was centrifuged at 13000 rpm by MSE Microcenaur (d = 37.5 mm) for 15 min and 
the supernatant was taken out and and kept at -20°C until further analysis was performed. 
The assay mixture (1.5 ml) contained 50 of supernatant, 450 |xl of redistilled water, 
975 i^l 2% NaiCOs (Sigma, Cat. No. S-2148) and 25 …（2N) Folin-Ciocalteu reagent (Sigma, 
Cat. No. F-9252). Samples were incubated and continuously shaken at 45°C in darkness by 
Eppendorf Thermomixer 5436 (14000 rpm) and absorbance at 750 nm (by Helios T UV-Vis 
Spectrophotometer) was measured 1 h later. The blank contained 500 |xl of redistilled water 
plus Na2C03 and Folin-Ciocalteu reagent as indicated above. Calculation of phenolics was 
based on a standard curve prepared using 0.010-0.400 g/L gallic acid (Sigma, Cat. No. 
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G-7384) dissolved in 80% methanol. 
2.6.13 Total Microbial Count 
5.00g substrate was homogenized and extracted using 45 ml one-fourth autoclaved 
Ringer's solution in 50 ml Falcon tube (Rai，2006). The mixture was hand-shaken for 30 s 
and vortexed for 1 min. The mixture was left for settling for 1 min and the supernatant was 
taken for serial dilution and plate spreading. IX Ringer's Solution which was used as the 
diluent consists of 8.50 g/LNaCl (BDH, Cat. No. 30123)，0.25 g/L KCl (RDH, Cat. No. 
12636), 0.30 g/L CaCb (Sigma, Cat. No. C-3881), 0.20 g/L NaHCOs (Sigma, Cat. No. 
S-6297). 
Two types of agars were chosen for the microbial counts: PDA (made by Potato 
Dextrose Broth, Difco，Cat. No. 254920 and Bacto™Agar, Difco, Cat. No. 214010) was used 
for fungi (Rai, 2006); 1/10 NA agar (made by Nutrient Agar, LAB M, Cat. No. lab 8 and 
Bacto™ Agar, Difco, Cat. No. 214010) was used for bacteria (Carter and Gregorich, 2008). 
The spreading dilution used was -3, -5 and -7 for bacteria; 0，-2 and -4 for fungi. The plates 
were incubated at room temperature for 5 days before counting the colony forming units (cfu). 
The result was expressed in cfu/g dry substrate. 
65 
2.6.14 Activities of Antioxidative Enzymes 
Enzyme samples were extracted using 0.1000 g of homogenized leaf or root material in 
0 .50�ml of an ice-cold 50 mM sodium phosphate buffer (adjusted to pH 7.5，Sigma, Cat No. 
S-8282) containing 1 mM phenylmethylsulfonyl fluoride (Sigma, Cat. No. P-7626) with 
continuous shaking with an orbital shaker (200 rpm, 4°C, by Gallenkamp Orbital Incubator 
Cooled) for an hour in ice water bath. The extract was centrifuged for 10 min at 13000 rpm 
by MSE Microcenaur (d = 37.5 mm). The supernatant was taken out and kept at -20�C for 
total protein and enzyme assays. 
Total protein was assayed using the BioRAD protein assay reagent and with bovine 
serum albumin (Sigma, Cat. No. A2153)as the standard. The procedure followed BioRAD 
protein assay standard protocol. 
20 |iL sample was added into 1 mL 1:4 protein BioRAD assay solution (Cat. No. 
500-0006) and the mixture was incubated at room temperature for 5 minutes. The absorbance 
was measured at 595 nm (Helios T UV-Vis Spectrophotometer) with unreacted reagent and 
distilled water as blank. 
Total activities of superoxide dismutase SOD, catalase CAT and guaiacol peroxidase 
POX in the extract were determined according to the method described by Hwang et al. 
(1999). 
Superoxide dismutase SOD was measured by the inhibition of photochemical reduction 
of nitro blue tetrazolium. In the 1.5 ml assay mixture contained in plastic curvette, there were 
1225 i^l of 100 mM phosphate buffer (adjusted to pH 7.8, Sigma Cat. No. S-9390)，37.5 of 
55 mM methionine (Sigma, Cat. No. M9375), 150^1 of 0.75 mM nitro blue tetrazolium 
(Sigma, Cat. No. N6876), 30 i^l of 0.1 mM riboflavin (Sigma, Cat. No. 393517), and 7.5 [l\ of 
the sample extract. Riboflavin was added lastly. The reaction was initiated by placing the 
curvette under two 30-W fluorescent lamps and incubated at 25�C in a seed germination 
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cabinet (Thermoline Refrigerated incubator FR285C). Absorbance was read after 15 min by 
removal from the light source. Non-illuminated and illuminated reactions, without the 
enzyme extract, served as the calibration standards. One enzyme unit was defined as the 
amount of enzyme required to cause 50% inhibition of the rate ofnitroblue tetrazolium 
reduction measured at 560 nm. Enzyme activity was expressed in unit per gram fresh weight 
(U g-i FW) and as specific activity in U mg"^ protein. 
For catalase CAT，the measurement was done by monitoring the decomposition of H2O2 
using the absorbance at 240 nm(8 = 39.4 mM cm"^) (by Helios T UV-Vis 
Spectrophotometer). The CAT assay mixture contained 940 of 50 mM potassium 
phosphate buffer (adjusted to pH 7.0，Sigma Cat. No. S-9390), 40 ul of 375 mM hydrogen 
peroxide (BDH, Cat. No. 101284N) and 20 抖 1 sample extract. Hydrogen peroxide was added 
lastly and the absorbance was measured after 30 s. CAT enzyme activity was expressed as 1 
|iM H2O2 reduction min—i protein. 
For guaiacol peroxidase POX, the reaction mixture contained 1140 |al of 60 mM 
phosphate buffer (adjusted to pH 6.8，Sigma Cat. No. S-9390), 50 i^l of 20 mM hydrogen 
peroxide (BDH，Cat. No. 101284N)，50 of 18 mM guaiacol (Sigma, Cat. No. G5502) and 
10 [i\ of sample extract. The activity was monitored by the oxidation of guaiacol which 
increases the absorbance at 470 nm (e = 26.6 mM The absorbance was measured after 
5 min at 25°C with continuously shaking by Eppendorf Thermomixer 5436 (14000 rpm). 
POX enzyme activity was expressed as nmole guaiacol oxidized protein. 
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2.6.15 Nitrite Oxidizing Enzvme 
Nitrite oxidase was measured using Faull et al. (1969) method. It is a mixture of 
defensive enzymes against extra nitrite. The enzyme assay was carried out in open 1.5 mL 
eppendorf containing 46 mM phosphate buffer (adjusted to pH7.0, Sigma Cat. No. S-9390)， 
0.5 mM NaN02 (Sigma, Cat. No. S-3421) and 0.12 ml of the cell-free extract in a total 
volume of 1.2 ml. After 5 min pre-incubation at 30°C in Eppendorf Thermomixer 5436 
(14000 rpm), the reaction was started by addition of the enzyme. After a further 30 min, the 
residual nitrite was determined by mixing suitable portion (0.100 ml or 0.050 ml) of the 
reaction mixture with Griess-Saltzman reagent (details refer to Session 2.6.2). The nitrite 
concentration was determined using spectrophotometry (Helios T UV-Vis Spectrophotometer) 
at 540 nm by comparing with nitrite standards. One unit of Enzyme activity was defined as 1 
|4M NO2" oxidized per 30 min. 
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2.7 Benzene Removal Test 
2.7.1 Preparation of Plantlets 
The preparation of plantlets was the same as NO2 removal test. 
2.7.2 Generation and Sampling of Benzene 
Generation of benzene was done by evaporation of benzene solution via a diffusion tube 
(McKelvey and Hoelscher, 1957; Leithe，1971). The diffusion tube used was a glass tube and 
in dimension of 3.5 mm in inner diameter and 90 mm in length. The diffused benzene gas 
was driven into the exposure chambers by a carrier air (air pumped by two Nissei Air Pump 
NS-Bl in parallel) similar to the setup in NO2 removal test. 
Benzene gas diffuser was placed inside a water bath in which its temperature was 
controlled by PolyScience Temperature Controller and was stirred by a magnetic stirrer 
(Hanna Instruments Magnetic Stirrer HI190M). The temperature of the water bath was 
monitored by digital thermometer (UNI-T UT325 Thermometer). The inlet gaseous benzene 
concentration was modified by changing the temperature in the gas diffuser and the 
concentration of benzene solution inside the gas diffuser. The concentration of benzene 
solution inside the gas diffuser was modified by adding various volumes of liquid benzene 
(Analytical reagent. Cat. No. D3247，Lot. 312074, AJAX Chemical, Australia) into mineral 
oil (Light white oil. Cat. No. M-3516, Lot. 45H1416, Sigma-aldrich). The total volume of 
benzene solution inside the diffuser was 50 mL. The whole system was placed inside a firnie 
hood (Sigma System™ Fume Hood, Mott Manufacturing Ltd) when starting the exposure if 
not otherwise specified. 
At the outlets of exposure chambers, air was sampled using activated charcoal tubes 
(Supelco Orbo™ - 32 Standard Charcoal Tubes, Cat. No. 20267-U, Lot. ORB00086). The 
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activated charcoal tubes were stored in 4°C after the sampling for no more than one week 
before further processing. 
EXPOSURE CHAMBER DETECTION 
Experimental Cham—r 園丁 
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Figure 26. A schematic diagram of the laboratory setup for removal of Benzene 
(Reagent A: various concentrations of Benzene solution in mineral oil) 
Figure 27. A photo showing the laboratory setup for removal of Benzene 
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The detection of benzene concentration was done using solvent desorption followed by 
GC-MS analysis (modified from Schmid et al” 2010). The content of an exposed activated 
charcoal tube was solvent desorbed using 0.5 mL -20°C cooled carbon disulfide (Purified, 
Cat. No. 13809，Lot 43490, Riedel-de Haen, Germany) with continuously shaking (10000 
rpm，by Eppendorf Theraiomixer 5436) at room temperature for 30 minutes. The extractant 
was then injected into GC-MS (Agilent Technologies 6890N Network GC System w/Agilent 
Technologies 5975 Inert Mass Selective Detector and Agilent 19091S-433 HP-5MS 5% 
phenyl methyl siloxane capillary column 30.0 m x 250 jum x 0.25 ^m nominal) using the 
settings in Table 13. 
Table 13. GC-MS conditions set for detection of benzene 
Item Setting 
Inlets Temperature 2 0 0 � � 
Carrier Gas Helium 
Air flow 0.7 ml/min 
Oven Ramp 1 5®C/min to 68°C 
Aux Temperature 200°C 
MS EM Voltage 400 relative 
Acquisition Mode SIM 
SIM Resolution High 
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A blank using unexposed activated charcoal tube was included in each batch of samples 
for signal correction of trace amount of benzene inside the charcoal and desorption solvent. 
Concentrations of benzene were calculated using peak area in the chromatograph and by 
comparing with signals of injected standards. 
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Figure 29. A standard curve of benzene for quantification 
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Removal efficiency (RE) and removal capacity (RC，sometimes named as elimination 
capacity in some studies) were calculated by the following equations: 
RE = (Pollutantin - Pollutantout) / Pollutanti„ x 100% 
RC per weight: Gas flow x (Pollutanti„ - Pollutantout) / Dry Mass of System 
RX： per volume = Gas flow x (Pollutantin - Pollutantout) / Estimated Volume of System 
In order to check the extraction efficiency of the extraction method, 3 replicates of 
the blank sample and 3 replicates of sample spiked with 0.060 mg benzene (equivalent to 
5 mg/m benzene in air) were prepared. The samples were then undergone the whole 
extraction procedure. The extraction efficiency was calculated by the following equation: 
([sample added with chemical] - [blank sample])/ Cone, of chemical added x 100%. 
The extraction efficiency of benzene from activated charcoal was found to be 93.9±2.3%. 
Method reproducibility was also tested to see if there is any variation between chambers. 
Benzene gas was flowed into empty chambers using the stated method. Three different 
benzene concentrations were tested. The gas was sampled for 1 hour period after 1 hour 
stabilization. Results are shown in Table 14. Empty chamber absorption was 25.4±2.2%. 
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Table 14. Method reproducibility of benzene stimulation experiment 
Concentration Detected Relative standard deviation 
Mean ^ between chambers (%) 
Trial 1# ^ 0.13 4.0 
Trial 2# ^ 0.10 3.1 
Trial 3# ^ ^ ^ 
Trial 4 0.09 1.3 
Trial 5 ^ ^ ^ 
Across 1 � 3 3.11 0.13 4.0 
:Trial 1-3 were conducted using the same experimental conditions (the same gas 
concentration expected) 
2.7.3 Effect of Benzene Concentration on RE 
The optimized substrate formulation (64.25% PM, 25.00% SMC, 10.00% rice hull and 
0.75% SAP) was used. Four plantlets which are 5.0士0.5 cm height and 3.20 土0.20 g totally 
were put onto the substrate (10.59 g dry weight, 1 cm thick) inside a petri dish (Sterilin 90 
mm petri dish. Cat No. 101VR20). The bioremediation systems were acclimated on room 
conditions for two weeks before experiment. 
The Bioremediation systems were re-watered to 70% saturation. The petri dish was 
removed and the system was put onto a wire mesh made of steel (dimension: 12 cmx9 cmx2 
cm, 1 cmxl cm mesh hole, purchased from local market with modification). Then the 
systems were put into the sample chambers. Duration of benzene exposure was 2 hours. The 
first hour was for system stabilization and the outlet of the exposure chambers were sampled 
in the second hour. Exposed benzene concentration ranged from 0.6 to 288 mg/m^ (0.2�90.3 
ppm). 
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After the exposure, plantlets were undergone extraction and post tests including 
measurements of chlorophyll content and phenolic content. 
_ 
t ..'.1': 
Figure 30. A bioremediation system having 1 cm thick substrate and 
one plantlet on wire mesh 
2.7.4 Effect of Various Combinations in the Bioremediation System 
Substrate ingredients were mixed according to the optimized formulation. Various 
combinations of bioremediation systems were mixed. The variable factors included plantlets 
number (0，1，4，7), substrate thickness (0.5 cm, 1 cm, 1.5 cm) and substrate surface area (IX, 
1.72X，2.45X, 3.19X of normal petri dish surface area). All plantlets used were of height 
5.0±0.5 cm. 
The bioremediation systems were acclimated at room conditions for two weeks before 
experiment. The exposed benzene concentration was set at 3.2 mg/m^ (= 1 ppm) which is 
equal to OSHA Permissible Exposure Limit (PEL) for General Industry 8 hours Time 
Weighted Average (TWA) and NIOSH Recommended Exposure Limit (REL) Short Term 
Exposure Level (STEL) (U.S. Department of Health and Human Services, 1988). Benzene 
generation conditions were kept constant. Exposure time was 2 hours. The first hour was for 
system stabilization and the outlet of the exposure chambers were sampled in the second 
hour. 
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Figure 31. Bioremediation systems having 1 cm thick substrate and various number of 
plantlet on wire mesh (with 1 cm thick substrate): 
(a) 1 plantlet; (b) 4 plantlets; (c) 7 plantlets 
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Figure 32. Bioremediation systems having 1 plantlet and various substrate 
thicknesses on wire mesh: 
(a) 0.5 cm thick; (b) 1 cm thick; (c) 1.5 cm thick 
2.7.5 Effect of Temperature 
The substrate ingredients were mixed according to the optimized formulation using a 
petri dish (Sterilin 90 mm petri dish, Cat No. 101VR20). There was seven plantlets (height = 
5.0±0.5 cm; total weight = 5.60±0.35 g) on the dish. The plantlets were left for acclimation 
on the substrate for two weeks. The system was re-watered. Then the petri dish was removed 
and the system was put onto a wire mesh made of steel. The exposure chambers together with 
the bioremediation systems were put into a light incubator (Shel丄ab® Low Temperature 
Incubator Model 2015, Sheldon Manufacturing Inc.) and the temperature was set as 5°C, 
15�C, 25�C，350c and 450c. 76 
Exposure of benzene was 3.2 mg/m^ (= 1 ppm) for 2 hours. The first hour was for 
system stabilization and the outlet of the exposure chambers were sampled in the second 
hour. 
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Figure 33. A bioremediation system having 1 cm thick substrate and four plantlets on wire 
mesh 
2.7.6 Effect of Exposed Time 
There was seven plantlets (height = 5.0土0.5 cm; total weight = 5.60±0.35 g) on the dish 
of optimized substrate (Sterilin 90 mm petri dish. Cat No. 101VR20). The plantlets were left 
for acclimation on the substrate for two weeks before experiment. The system was re-watered. 
Then the Petri dish was removed and the system was put onto a wire mesh made of steel. 
Duration of benzene exposure was 7 days. Benzene concentration in the outlets was sampled 
within the benzene exposure and was sampled after started the exposure for 1 hour, 2 hours, 4 
hours, 8 hours, 16 hours, 24 hours, 2 days, 3 days, 4 days, 5 days, 6 days and 7 days. There 
was no watering within the 7-day exposure. 
After the exposure, plantlets were undergone extraction and post tests. Microbial count, 
chlorophyll content, phenolic content, antioxidation enzymes (POX，SOD, CAT) and catechol 
oxidase of the samples were tested. 
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2.7.7 Effect of Retention Time 
Benzene exposure were done using 0.2 LPM, 0.4 LPM, 0.6 LPM, 0.8 LPM, 1 LPM gas 
flow with 3.2 mg/m^ (= 1 ppm) benzene concentration which represents 10，5’ 3.3, 2.5, 2 
minutes retention inside the exposure chambers respectively. Air flow higher than 0.4 LPM 
was generated by Millipore Vacuum/Pressure Pump. 
2.7.8 Composition Analysis 
Various components of the bioremediation system including the substrate, plantlet and 
water content were separately tested for their removal of benzene. Autoclaved substrate and 
dried substrate were also tested to see if the dried portion and microbes have any contribution 
on benzene removal. Autoclaved substrate was prepared by 121�C streaming for 20 minutes. 
Dried substrate was prepared by freeze-drying by Labconco Freeze Dry System 77535-01 
(Figure 34). 
Substrate ingredients were mixed according to the formulation using combination of 
substrate (1 cm thick, 149.29 cm� surface area, 10.59 g in dry weight) and plants (four 
plantlets) (Figure 33). 
Exposure of benzene was 3.2 mg/m] (= 1 ppm) for 2 hours. The first hour was for 
system stabilization and the outlet of the exposure chambers were sampled in the second 
hour. 
M 
Figure 34. Photos showing bioremediation system of 
(a) Autoclaved substrate and (b) Freeze-dried substrate 
78 
2.7.9 Comparison to Physical Sorhimts. Photocatalvtic Paint and Other Planting 
Media 
There were four plantlets (height = 5.0±0.5 cm; total weight = 3.20±0.20 g) on the dish 
(1 cm thick, 10.59 g dry substrate) (Sterilin 90 mm petri dish, Cat No. 101VR20). The 
plantlets were left for acclimation on the substrate for two weeks before experiment and 
re-watered to 70% saturation prior to benzene exposure. 
For physical sorbents, three common adsorbents were chosen for comparison including 
granular activated charcoal GAC (From Sigma-aldrich, 20-60 mesh, Cat No. C-3014)， 
molecular sieve (From Sigma-aldrich, Type 3 A, pore diameter = 3 A, 8-12 mesh, Cat No. 
20858-2) and silica gel (From Sigma-aldrich, grade 41, 3-9 mesh, Cat. No. 214434). The 
sorbent was filled into a petri dish to have 1 cm thickness (calculate on weight basis by the 
product specification or bulk density measured). 
For photocatalytic paint, commercially available latex paint containing nano-TiO� 
(obtained from local market; Flower Anti-formaldehyde Odour-less Interior Emulsion Paint) 
was used. Paint film was applied to the bottom of petri dish and two coats of paint were 
applied on the same surface. The final dried weight of the paint film on petri dish was 
approximately 2 g. In the exposure to benzene, the latex paint coating was exposed to UVC 
source (254 nm wavelength, 15W power, Vilber Lourmat T-15C UV-C) for photocatalytic 
reaction. UVC intensity inside the exposure chambers were 1.7士0.3 ^M/cm^. 
For other planting media, one commercially sold organic soil (Abbreviated as 
"Soil-OM", produced by Yat Tsui Garden, Hong Kong) and two mineral soils dug from 
mushroom cultivation complex (Abbreviated as "Soil-MC") and genetically modified crop 
farm (Abbreviated as "Soil-GM"), The Chinese University of Hong Kong were used for 
comparison. Soil-OM was mainly in sphagnum moss peat supplemented with expanded 
perlite and fertilizers. Soil-MC was clay loam soil and Soil-GM was sandy clay soil. The 
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plantlets were left for acclimation on the substrate for two weeks before experiment and 
re-water to 70% water saturated prior to benzene exposure. 
Exposure of Benzene was 3.2 mg/m^ (= 1 ppm) for 2 hours. The first hour was for 
system stabilization and the outlet of the exposure chambers were sampled in the second 
hour. 
2.7.10 Trials in Order to Increase RE of Benzene 
In order to maximize the benzene removal, some trials were tested for the feasibility of 
various approaches in order to increase the RE by the same amount of bioremediation system 
matrix including additional exposed surface area, the uses of pure SMC/MC, aged system 
with higher fungal colonization, additional porosity and artificial induction of 
enzyme/microbial activities. 
For additional exposed surface area, the original amount of formulated substrate (1 cm 
thick，10.59 g dry weight, on wire mesh) was sub-divided into two thin separate layer (both 
surface exposed) with each of them having 0.5 cm thick hence doubling the exposed surface 
area by approximately twice (From 149.3 cm^ to 270.9 cm�). Plants were not included in this 
experiment. 
For the uses of pure SMC/MC, pure SMC and MC (without mushroom fruiting and 
believed to have higher mushroom biomass) were used to replace the original formulated 
substrate. Ordinary 2.45X substrate size (1cm thick, 149.3 cm� exposed surface area, 10.59 g 
dry weight on wire mesh) was tested together with dividing the substrate into two thin 
separate layers (same amount of materials, exposed surface area 270.9 cm^) (Figure 35). 
There was no plant in these bioremediation systems. 
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Figure 35. A mini-setup with two layers of 0.5 cm thick (a) SMC or (b) MC 
For aged system with higher ftmgal colonization, a 1.5 month aged (normal 
experimental setup aged only 2 weeks when undergoing experiments) 2.45X substrate (1 cm 
thick，149.3 cm^ exposed surface area, 10.59 g dry weight on wire mesh) with one plantlet 
was used for the investigation. (Figure 36a) The substrate of this mini-setup was flilly 
covered by the fungal mycelium of Pleurotuspulmonarius (Figure 36b). 
•國 
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Figure 36. A mini-setup with one layer of 1 cm thick 1.5 month aged formulated 
substrate bearing higher fungal colonization 一 
(a) Overall view and (b) close look on fungal mycelium in the substrate 
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For additional porosity, the formulated substrate was freeze-dried (Labconco Freeze Dry 
System 77535-01) and ground using liquid nitrogen and mortar. The ground substrate was put 
on a petri dish (dried, IX，1 cm thick, 4.72 g dry weight) without plant for testing for effect of 
increased porosity by grinding on benzene removal (Figure 37a). The ground substrate (10.59 
g dry weight) was also used by making a mini-setup on wire mesh with plants (4 plantlets) by 
adding approximately 15 mL distilled water (Figure 37b). Similarly, a mini-setup trial having 
the fresh substrate (10.59 g dry weight, on wire mesh) containing water content (15 mL) and 
bearing four plantlets was also made (Figure 37c). Finally, 22.00 g (weight same as one petri 
dish volume ofGAC) freeze-dried ground substrate (blended for 3 minutes by a grinding 
machine D3V-10, Cosmos Stainless Steel Eng. Co.) without plant was tested in soup bag 
(8"xlO"，Japenhome® Item No. PS-4128) on wire mesh (Figure 38). 
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Figure 37. Mini-setups with manually modified substrate bearing higher porosity -
(a) ground dry substrate on petri dish; (b) grinded substrate on wire mesh with 4 plantlets; (c) 
non-grinded fresh substrate on wire mesh with 4 plantlets 
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Figure 38. A soup bag of 22.00 g grinded dry substrate on wire mesh (inside exposure 
chamber) 
For artificial induction of enzyme/microbial activities, a four plantlets 2.45X (1 cm thick, 
149.3 cm exposed surface area, 10.59 g dry weight on wire mesh) substrate mini-setup was 
used. The setups were acclimated for two weeks as usual but in the second week, benzene 
was artificially spiked onto the substrates and the whole mini-setups were covered with 500 
mL Sigma Cups. Benzene was added onto the substrates drops by drops daily for the first six 
days at a dose of 0.1 mg(l mL 100 mg/L benzene) per mini-setup. There was no spiking of 
benzene on the day before benzene exposure experiment (the seventh day in the second week) 
for degradation of accumulated benzene inside the mini-setup and it was hoped that there was 
no residual benzene before undergoing exposure experiment. 
Benzene was set at approximately 3.2 mg/m^ (= 1 ppm) for 2 hours for exposure. The 
first hour was for system stabilization and the outlet of the exposure chambers were sampled 
in the second hour. There was another set of artificial induced samples without exposing to 
benzene gas for catechol oxidase activities. 
2.7.11 Residual Benzene in Substrate 
Residual benzene in the substrate was tested for the trial with artificial benzene spiking 
to check if there is any residual benzene remained inside the substrate due to artificial 
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addition of benzene solution. Residual benzene in the substrate (5.00 g fresh weight) was 
extracted by 10.00 mL extraction solvent (1:1 (v/v) acetone (Lab-Scan, Cat. No. A3501) and 
dichloromethane (HPLC grade, Fluka, Cat. No. 66746)) using sonication (Shin and Kwon, 
2000). The mixture was mixed inaSOmL capped glass tube by vortexing for 30 seconds and 
benzene inside the mixture was extracted by 15 minute sonication (Branson B1510E-MT 
Ultrasonic Cleaner). Supernatant was filtered by millipore syringe filter (0.45 ^m filter, 
Acrodisc syringe filters 4CR PTFE) and the filtrate was transferred and capped in a GC vial. 
The prepared samples were injected in GC-MS using SIM mode with the procedure same as 
detection of other benzene samples (mentioned in session 2.7.2). Extraction efificiency was 
measured using the procedure stated in session 2.3.8 by spiking 0.2 mL 500 ng/mL benzene 
into a sample (equivalent to 10 ng/mL in final extractant). The extraction efficiency of 
benzene from the formulated substrate was 103±11%. 
2.7.12 Post Tests after Benzene Removal Test 
Post tests were performed to study in the parts of studying the effect of benzene 
concentration, effect of exposure time and trial with artificial benzene spiking. Immediately 
after the removal test, plantlets were cleaned under tap water and were mildly dried using 
tissue papers. The plantlets were -80�C freeze by a deep freezer (Nuaire -86�C Ultralow 
Freezer) until further testing. The plantlets were homogenized using liquid nitrogen before 
post tests. The water content of the homogenized plantlets was also determined for 
calculating the dry weight. 
Chlorophyll content and phenolic content were studied on plantlet roots and leaves to 
see if there was any toxicity on the plants due to benzene exposure. While in the part of 
exposure time, the above post tests together with activity of catechol oxidase in leaves, roots 
and substrates were studied. Total microbial counts in the substrates in terms of bacteria and 
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fimgi were studied too. Except catechol oxidase activity, the procedures of various post tests 
were the same as those in NO2 removal test. 
2.7.13 Catechol Oxidase Activity 
Catechol oxidase is one of the key enzymes in the degradation ofmonoaromatic 
hydrocarbon and is responsible for cleavage of aromatic ring in catechol (= 
1,2-dihydroxybenzene) (Chuchev and BelBruno, 2006). 
Activity of catechol 1,2-dioxygenase (intradiol) was monitored by 
spectrophotometry (Helios T UV-Vis Spectrophotometer) following the formation of 
cw,cw-muconic acid at 260 nm and 25°C (8260=16 000 M—�cm"^). The assay mixture 
contained 100 10 mM pyrocatechol (prepared on a daily basis in 50 mM Tris-HCl 
buffer solution, Sigma-aldrich, Cat. No. C3561), 4875 \il 50 mM Tris-HCl (adjusted to pH 
8.0，with ImM EDTA, Sigma, Cat. No. E5134) and 25 i^l enzyme solution. The reaction 
was carried out in 15 ml Falcon tubes. After addition of the enzyme solution, the capped 
tubes were incubated at 30°C in a mechanical shaker (100 rpm) (Briganti et al.，1997; 
Okuta et al., 1998; Kalogeris et al., 2006). Absorbances were measured by drawing a 
sample into a quartz curvette from the 15 ml Falcon tube at least at 0 min, 5 min and 6 
min. 
Similarly, activity of catechol 2,3-dioxygenase (extradiol) was determined by 
monitoring the formation of 2-hydroxymuconic semialdehyde (s = 33 cm—) at 375 
nm (by Helios Y UV-Vis Spectrophotometer) with the same assay mixture (Okuta et al.， 
1998). One unit (U) was defined as 1 |imol of product formatted per min at 30°C 
(Kalogeris et al.，2006). 
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2.8 Removal Tests for Other Air Pollutants 
Other than benzene and nitrogen dioxide, three organic air pollutants and two inorganic 
air pollutants were studied to investigate the performance of the bioremediation system. 
These included toluene, xylene, formaldehyde, sulphur dioxide _ and ammonia (NH3). 
The optimized form of the bioremediation system in NO2 removal test was used and was 
consisted of: 1 plantlet on 104.6 cm' formulated substrate (10.59 g dry weight, 1 cm thick) on 
wire mesh. 
The generations of toluene and xylene were similar to that of benzene except differences 
in temperature and contained solution inside the a diffuser (Reagent A, Figure 26). The 
diffiiser for toluene removal test contained 1 mL toluene (> 99.5%, GR grade, Merck, Cat. 
No. TX0735-14) in 49 mL mineral oil at room temperature. The diffuser for xylene removal 
test contained 1 mL xylene (> 98.5%, GR grade, Merck, Cat. No. XX0055-14) in 49 mL 
mineral oil (Light white oil, Cat. No. M-3516, Lot. 45H1416, Sigma-Aldrich) at room 
temperature. Concentration and RE of xylene were expressed using sum up of/^-Xylene, 
w-Xylene and o-Xylene detected by GC-MS. 
For formaldehyde, SO2 and N H 3 , the gas generation system was similar to that of NO2 
removal test (Figure 17) except the three reagents were changed. In formaldehyde gas 
generator, there were no Reagent A and Reagent B. Reagent C was replaced by mixture of 0.1 
mL formalin (35-45% formaldehyde solution, GPR, Lab-Scan Analytical Sciences, Cat. No. 
G48H11X) and 4.9 mL deionized water. The generation method was similar to the method 
used by Sekine and Nishimura (2001). 
In gas generator of SO2，there was no Reagent C. Reagent A was replaced by 100 mg/L 
sodium meta-bisulfite (NaaSaOs，GR grade, Merck, Cat. No. 528) solution. Reagent B was 
replaced by 20 mL mixed acid of 20% phosphoric acid (ACS grade, AJAX, Cat. No. 371) and 
10% sulfiiric acid (BDH, Cat. No. 102766H). In gas generator of NH3，there was no Reagent 
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C. Reagent A was 50 mg/L ammonia solution (BDH, Cat. No. 15331 2K). Reagent B was 20 
mL 10 M sodium hydroxide (RDH, Cat. No. 30620). 
Air flow rate in removal test of all the five pollutants was kept constant at 0.2 LPM 
(total gas flow in the generator = 0 .2x4 = 0.8 LPM) which having retention time inside the 
exposure chamber of 10 minutes. The exposure of bioremediation system was 2 hours in each 
test which included 1 hour for system stabilization and another 1 hour for sampling. 
The sampling of toluene and xylene in the outlet of the exposure chambers was similar 
to that of benzene which was adsorbed by activated charcoal tubes (Supelco Orbo™ _ 32 
Standard Charcoal Tubes, Cat. No. 20267-U, Lot. ORB00086) followed by solvent 
desorption using carbon disulphide (Purified, Cat. No. 13809，Lot 43490，Riedel-de Haen, 
Germany). The final GC-MS detection was done using the same column and settings as that 
of benzene removal test except difference in specific ion monitored, m/z ratios used in SIM 
for toluene and xylene were 92.1 and 106.2 respectively. 
For formaldehyde, SO2 and N H 3 , the gas was sampled by bubbling into an impinger and 
detected using colorimetric methods followed China national standard methods (GB/T 
15516-1995 for formaldehyde, HJ 482-2009 for S O 2 and HJ 534-2009 for NH3 ) . 
RE and RC of the bioremediation system were calculated in each pollutants. 
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2.9 Field Study 
2i2J_Production of Air Bioremediation System 
Spent mushroom compost used in the field study was composted for about 10 days 
followed by pasteurization for one day. Pleuorotus pulmonarius was inoculated into the 
pasteurized composts and the composts were left for mycelial running. Until the mycelium 
had fully grown in the substrate, the compost was left for mushroom fruiting and used for the 
matrix of the air bioremediation system. 
The bioremediation system was in modular design. The modules using SMC only were 
used for the field study in Tuen Mun Road (first field trial; Field Study I). The modules 
bearing SMC and various plants were used for field study in Causeway Bay (second field 
trial; Field Study II). The plant species used included Epipremnum aureum, Wedelia trilobata, 
Zoysia matrella, Triticum aestivum, Cynodon dactylon and Ipomoea aquatic. The production 
environment of the modules is shown in Figure 40. The container used for the modules was a 
heavy duty plastic container produced by Star Industrial Co., Ltd (Dimension: L500 x W393 
X H161 mm. Cat. No. 1820). Around 10 cm thick substrate was put into the container and a 
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Figure 39. Monitoring of the temperature of the second pile of mushroom substrate during 
composting 
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Figure 40. Preparation of the modular system of the bioremediation materials 
2.9.2 Description of the Field 
There were two field study sites representing two different environments — exposed 
sub-urban region next to a busy highway and an urban inner street surrounded with tall 
building and street canyon effect expected. Bioremediation system with SMC was mounted 
on the site of Field Study I between 18 March 2010 and 30 April 2010. Bioremediation 
system with SMC and plants was mounted on the site of Field Study II between 3 June 2010 
and 15 July 2010. 
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Field Study I was conducted in a construction site on Tuen Mun Road near Yau Kom 
Tau Water Treatment Works，Tsuen Wan, Hong Kong (Figure 41). The site is an exposed area 
with strong wind. Tuen Mun Road is a busy road in Hong Kong. Two sites with similar 
environment in close proximity were chosen as study sites (Figure 42). One of them was used 
as a control site which nothing was mounted. Another one was used as a treatment site and 
the bioremediation system was mounted. Design of the bioremediation system is shown in 
Figure 43. The actual outlook of the system is shown in Figure 44. The measurement of 
various parameters including air pollutants concentration, temperature and other 
environmental factors was carried out at the edge of the highway unless specified. Noise was 
measured at 1 m away from the edge of the highway unless specified. 
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Figure 41. Location of the first field study 
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Figure 42. The assigned treatment site and control site in the first Field Study 
(Note: Bioremediation system with SMC only was mounted in the treatment site; 
photo taken on 13-5-2010) 
Physical support of 
the system (H-steel) 
• . 丁 十 了 . 才 , . — ---二 f4 - i 4.1..I..f 一 1.+) ：. ' n 4 ^ , t 
i mhimii mmrn M M mmUrn �m m m m m^mmm • i -
fe ", 1 i ‘ 一)"“I ‘ — 1 … -——.二 - H � . 一 •• 今 H一 1 r H …， • 喊，-‘"i r … 4 .： ；…4 — - … H : - -f-f— ‘ t 卞一 —“I-L ” .…,.1 .：,个 I 卞 . 
_ i m a ^ iMi^H ^ ^ ^ 1 ^ ^ r ； ，^ ”： 飞 
•• ’ r., • • - — r - -i-T -- • < i - y r-^  r -r , , - I , 
P li i j i i i^ 'miimm wti^mmm 'mim^m 容、^tif^m wmmamm mmmmm mmmim 
H t-rH 广—f" - • i-t"'' ‘ I t— ' t 上 1 ‘ -‘ t » IL:S 
蒙 ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ' \ ^^^m i - f 
T i ^ V ' V …,、'、、'•< •、‘广-、'••<'•'» 去 ’ 和 . r � 勢 鄉 換 . 一 … . … ：；• - - - ： i^-nm 
陽 ： - ？ ‘‘ “�’ ： , 〜 � V ' . f….v^ c ‘ •-：^：-；' • ' … . � � ‘ 彌 
im •:、/.、，, - ‘ “ ： . Im 
[Kv ^  ‘ 
T — [卞 t ~ Cement block 
I 二二：仁：！二 Module of bioremediation system 
丄 ( M o d e u l e s are connected using nylon cable tie) 
K 50cin—M 
Figure 43. Design of the bioremediation setup in the first Field Study 
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Figure 44. Installation of the vertical panel of the modular SMC bioremediation system 
on the treatment site in the first Field Study (photo taken on 13-5-2010) 
Field Study II was conducted in roadside of the Causeway Road outside St. Paul's 
Hospital，Causeway Bay, Hong Kong (Figure 45). The site is an inner street with moderately 
tall building surrounded and was lack of wind. The vehicle speed in this region was not high 
(Speed limit: 50 km/h) but due to traffic light vehicles had to stop and lined up in this road 
segment. Two sites with similar environment in close proximity were chosen as study sites 
(Figure 46). One of them was used as a control site which nothing was mounted. Another one 
was used as treatment site and the bioremediation system was mounted. Design of the 
bioremediation system is shown in Figure 47. The actual outlook of the system is shown in 
Figure 48. The measurement of various parameters including air pollutants concentration, 
noise，temperature and other environmental factors were carried at 0.5 m away from the edge 
of the highway unless specified. 
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Figure 45. Location of the second field study 
(Reproduced from Google Map http://maDs.google.com.hk� 
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Figure 46. The assigned treatment site and control site in the second Field Study 
(Note: Bioremediation system with SMC and plants was mounted 
in the treatment site; photo taken on 7-6-2010) 
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Figure 47. Design of the bioremediation setup in the second Field Study 
H 
Figure 48. Installation of the vertical panel of the modular SMC bioremediation system 
integrated with plants on the treatment site in the second Field Study 
(photo taken on 4-6-2010) 
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2.9.3 Measurement of Noise 
Sound pressure level (SPL) in A-weighting was monitored in the sites using Sound 
Level Meter with data-logging function (Center® TestLink SE-322). Each monitoring point 
was sampled at around 1.2 metres height and lasted for at least 30 minutes. Leq and Lio were 
used to express the results and for evaluation of performance of the bioremediation system. 
Leq is a symbol representing Equivalent Continuous Noise Level which is the average SPL 
over a definite period of time. Lio is the 90% percentile values based on the statistical 
distribution of sound levels measured over a definite period of time. Both Leq and Lio in this 
study were expressed in 30 minutes time period and were in A-weighting. 
2.9.4 Measurement of NO: 
Air in both control and treatment site was sampled using impingers via a China official 
standard for determination of NO2 in ambient air _ GB/T 15435-1995. Known volume of gas 
which air flow was controlled by rotameter was drive through the impinger containing 
absorbing solution. The absorbed solutions were sealed in dark bottles and were carried back 
to laboratory for analysis. 
The absorbing solution in the impinger is a mixture ofsulfanilic acid (99%, ACS reagent, 
Sigma, Cat. No. 251917) and N-(l-naphthyl)-ethylenediamine (BDH, Cat. No. 29304) in 
acetic acid (RDH, Cat. No. 33209) solution. After absorbing nitrogen dioxide, the solution 
mixture will form a pink dye molecule. The concentration of NO2 can be measured by 
monitoring the absorbance at 540 nm using UV/VIS Spectrophotometry (Helios T UV-Vis 
Spectrophotometer). 
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2.9.5 Measurement of VOC 
VOC in the sites were sampled using activated charcoal tubes (Supelco Orbo^^ _ 32 
Standard Charcoal Tubes, Cat. No, 20267-U，Lot. ORB00086) by pumping known amount of 
ambient air into the tubes via China national standard GB11787-89. After sampling, the 
charcoal tubes were sealed by the provided caps in field and were carried back to laboratory 
for further analysis. If not analyzed immediately, the charcoal tubes were stored under .20«C. 
The detection of VOC concentration was done using solvent desorption followed by 
GC-FID analysis. The content of activated charcoal tubes were solvent desorbed using 0.5 
mL -20°C cooled carbon disulfide (Purified, Cat. No. 13809，Lot 43490, Riedel-de Haen, 
Germany) with continuously shaking (lOOOOrpm, by Eppendorf Thermomixer 5436) in room 
temperature for 30 minutes. The extractant was then injected into GC-FID (Hewlett Packard 
6890 Series GC System G1530A w/ Flame Ionization Detector and Supel Cowax-10 
Capillary Column 60.0mx250umx0.25um nominal) using the setting in Table 15. 
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Table 15. GC-FID conditions set for detection of field VOC 
It 棚 Setting 
Inlets Temperature lOO^C 
Carrier Gas Helium 
Airflow 1.0 ml/min 
Oven Ramp 1 5°C/min to 150"C hold for 15.00 min 
Post Run 30°C hold for 1.00 min 
H2 Flow 40.0 mL/min 
wmmmBK^m^^msm 
Makeup Flow Helium, 45.0 mL/min 
A blank using unexposed activated charcoal tube was included in each batch of samples 
for signal correction of trace amount of benzene inside the charcoal and desorption solvent. A 
standard solution was also included for FID signal correction. Benzene and toluene were 
constantly detected in all samples and were selected for comparison between treatment and 
control sites. Concentrations of benzene and toluene were calculated using peak area in the 
chromatograph and by comparing with signals of injected standards (EPA TO-1 Toxic 
Organics Mix 1 A，Supelco Cat. No. 48896). 
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2.9.7 Measurement of Other Environmental Parameters 
Wind speed (unit: ms])，temperature (unit: and relative humidity (unit: %) were 
measured in both control and treatment sites in every visit. At least three measurements were 
done in each visit. Light intensity and traffic count were done in some occasions. 
2.10 Statistical Analysis 
Unless specified, all the statistical analysis was performed using one-way ANOVA 
with Turkey's-b for Post Hoc Multiple Comparison (significant level p = 0.05) using 
SPSS 13.0 for Windows. All the regression analysis on graphs was done using Microsoft 
Excel using linear regression. Three replicates were done per sample. 
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3. Results 
3.1 Formulation of Plant Substrate 
3.1.1 Dose of SMC in Substrate Formula 
The effects of different SMC to PM ratios on substrate properties were investigated. 
The water holding capacities (WHCs) of different ratios of SMC to PM are 
summarized into Table 16. The result showed that maximum WHC was obtained when 
SMC was 100%. When supplementing SMC into PM, initially the WHC dropped until 
SMC reached 25.0% in the formula. Bulk density increased with SMC increasing from 
Oo/o to 25% and reached maximum at 25% SMC. Further increase in SMC decreased the 
bulk density. Porosity reached minimum at 25% SMC but increased when SMC 
decreased from 25.0% to 0.0% SMC or SMC increased from 25.0% to 100.0%. 
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Table 16. The water holding capacity, bulk density, calculated particle density and 
calculated porosity of different mixtures of spent mushroom compost and paper mulch 
(Mean土 S D � 
SMC% WHC (%) Bulk Density Particle Density 
(g/cm-) ( g / c m V Porosity 
0 . 0 % 6 0 6 士 4 9 be 0 . 1 9 4 ± 0 . 0 0 1 de ^ ； ^ 
5.0% 591 ± 22 be 0.199 ± 0.003 cde ^ ^ 
10.0% 587 士 30 be 0.202 土 0.009 cd 
15.0% 578 ± 33 be 0.207 ± 0.002 be 
20.0% 565 士 17 be 0.216 土 0.004 ab 
25.0O/O 557 ± 31 c 0.217 士 0.002 a ^ ； ^ 
30.0% 558 ± 23 c 0.214 士 O.OOl ab 
50.0O/O 573 ± 36 be 0.207 ± 0.002 be 
75.0% 614 ± 48 b 0.191 土 0.003 g 
lOO.Qo/o I 680 士 45 fl I 0.169 土 0.003 厂 
Note: 
*: Different italic letters after the value denote significant different means (P<0.05, 
One-way ANOVA, n=9 for WHC, n=3 for bulk density) 
Calculated from particle density of individual ingredients (Table 3.1.1.1.2) 
Table 17. The particle densities of ingredients of the formulated substrate (Mean土SD) 
Particle Density (g/cm^) 
PM 1.745 土 0.055 
SMC 1.553 土 0.030 
Rice Hull 1.571 土 0.025 
SAP 20.550 士 2.651 
From the results (Table 18), the first three days showed no significant difference 
among different SMC ratios. But after day 3, differences in water loss happened. From 
day 4 to 7, 100% SMC recorded the highest gravimetric water content and gravimetric 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































For seed germination test, there was toxicity ( � 6 0 % compared to water control) 
detected on Brassicajuncea after supplementing SMC into the substrate but there was nil 
toxicity detected on Vigna radiata and Triticum aestivum (Figure 49). Therefore the 
toxicity on seed germination was species dependent. Among different ratios of SMC 
mixed with PM (sum up to 100%), there was no significant effect on seed germination of 
the Brassicajuncea, Vigna radiata and Triticum aestivum. 
For tissue elongation (Figure 50), there was no significant effect on Brassicajuncea 
when supplementing SMC into PM. But in Vigna raidata, there was significant reduction 
of tissue length when SMC reached 50% or above. Similar phenomenon was observed in 
Triticum aestivum. 
After summarization into germination index (Figure 51), increasing SMC still 
showed no significant effect on the germination index on Brassica juncea. But Brassica 
juncea and Triticum aestivum both showed lower germination index than pure water 
control (germination index < 1). 
Germination index reached maximum at 20% SMC on Triticum aestivum and 30% 
on Vigna radiata. Therefore the optimum SMCto PM ratio for growing these three seeds 
lie between 15% and 30% in the criterion of the highest seed germination. 
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Figure 49. Effect of supplementation of paper mulch (PM) to SMC 
on relative germination 
Note: No significant different in means (P<0.05, One-way ANOVA, n=6) 
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Figure 50. Effect of supplementation of paper mulch (PM) to SMC 
on relative tissue length 
Note: Different italic letters after the value denote significant different means 
(P<0.05, One-way ANOVA, n=6) 
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Figure 51. Effect of supplementation of paper mulch (PM) to SMC 
on Germination index 
Note: Different italic letters after the value denote significant different means 
(P<0.05, One-way ANOVA, n=6) 
In other to increase the WHC, higher SMC to PM ratio was preferred. In terms of 
water retention, higher ratio performed better in retaining water. But in seed germination 
and tissue elongation tests, germination index reached maximum at near 20% SMC on 
Triticum aestivum and near 30% on Vigna radiata. Therefore middle range of SMC is 
preferred in terms of growing plants. Also the toxicity of SMC began after reached 50% 
on Vigna radiata. Therefore for lowering phytotoxicity reason and compensating the 
effect of WHC, water retention and seed germination, 25% SMC formula was chosen. 
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3.1.2 Dose of SAP in Substrate Fnrm..ia 
After choosing 25o/o SMC as one of the ingredients, SAP was investigated for its effect 
on the formulation in order to increase the water holding capacity. Superabsorbent Polymer 
(SAP) absorbs several hundred times of weight of water into its matrix. 
Hic results showed that increasing the percentage of SAP increased the WHC 
significantly from 557% (0% SAP) to 811% (1% SAP) (Table 19). The bulk density 
decreased and porosity increased when SAP% increased in the formulation. 
Table 19. The water holding capacity, bulk density, calculated particle density and 
calculated porosity of different mixtures of 25% spent mushroom compost, paper mulch, 
superabsorbent polymer (Mean士SD) 
S A P � / WHC# Bulk Density Particle Density 
^ (%) ( g W ) ( g /側 3 ” Porosity 
0.00% 557 土 31 e 0.217 土 0.002 a L ^ 
0.10% 681 土 16 0.197 土 0.005 b L716 0^5 
0.25% 713 土 20 c 0.180 土 0.006 c 0.897 
0 . 5 0 % 7 3 3 士 1 0 be 0 . 1 7 2 士 0 . 0 0 3 cd ] 7 j 9 \ 0 . 9 0 4 
0.75% 751 士 16 办 0.169 土 0.001 d L ^ 0.908 
1.00% 811 土 23 a 0.170 土 0.003 d L ^ 0.910 
Note: 
*: Different italic letters after the value denote significant different means (P<0.05, 
One-way ANOVA, n=9 for WHC, n=3 for bulk density) 
*： Calculated from particle density of individual ingredients (Table 17) 
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From the results, there was no significant difference among water desorption speed 
on various SAP� /� f rom 0% to 1% (Table 20). Therefore SAP did not show significant 
effect on reducing water loss. Therefore supplementing SAP into the plant growth 
substrate formula only increased the maximum amount of water held but not reduced the 
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There was no significant difference in relative germination of Vigna radiata, 
Brassicajuncea and Triticum aestivum regardless of the SAP in the formulated substrate 
(Figure 52). 
In relative tissue length, SAP in the formulation affected the length in Vigna radiata 
and Triticum aestivum but not Brassica juncea. There was decrease in tissue length of 
seeds if SAP reached 0.75% in Triticum aestivum and 1.00% in Vigna radiate (Figure 53). 
Combining the effect of germination percentage and tissue length, there was no 
significant difference in germination index in Brassica juncea. Germination index was 
significantly lowered when SAP reached 1.00% in both Vigna radiata and Triticum 
aestivum (Figure 54). 
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Figure 52. Effect of supplementation of superabsorbent polymer (SAP) to a mixed 
substrate of spent mushroom compost and paper mulch on relative germination 
Note: No significant difference in means (P<0.05, One-way ANOVA, n=6) 
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Figure 53. Effect of supplementation of superabsorbent polymer (SAP) to a mixed 
substrate of SMC and Paper Mulch (PM) on relative tissue length 
Note: Different italic letters after the value denote significantly different means 
(P<0.05, One-way ANOVA, n=6) 
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Figure 54. Effect of supplementation of superabsorbent polymer (SAP) to a mixed 
substrate of SMC and Paper Mulch (PM) on germination index 
Note: Different italic letters after the value denote significantly different means 
(P<0.05, One-way ANOVA, n=6) 
109 
For the seed germination and tissue elongation test, SAP supplemented samples 
showed no significant effects in Brassicajuncea, But at 1% SAP, Vigna radiata and 
Triticum aestivum suffered from significant toxicity which acted mainly on the tissue 
elongation. Therefore SAP used should not excceed 1%. In order to maximize the water 
holding capacity, higher SAP in the formulation was preferred. Therefore 0.75% SAP was 
selected to be a component of the substrate formulation. 
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3.1.3 Dose of Rice Hull in Substrate Formula 
250/0 SMC and 0.75% SAP were optimized in the formulated substrate. Due to the 
fact that substrate may shrink when it loses water and adversely affecting system stability, 
a bulky material rice hull was added as a supplement to the formulated substrate 
hopefully to reduce shrinkage. 
Supplementing rice hull into the substrate formula resulted in decreasing WHC. 
There was significant decrease of WHC from 0.0% to 10.0% rice hull but no further 
decrease in WHC from 10.0% rice hull to 20.0% (Table 21). Bulk density increased and 
porosity decreased slightly with increment of rice hull percentage in the substrate 
formulation. 
Table 21. The water holding capacity, bulk density, calculated particle density and 
calculated porosity of different mixtures of 25% spent mushroom compost, 0.75% 
superabsorbent polymer, rice hull and paper mulch (Mean士SD) 
WHC" Bulk Density Particle Density 
Rice Hu 丨丨 ％ , , Porosity 
(%) ( g / c m � （g/cmV 
0.0% 751 士 16 fl 0.169 ± 0.001 b 1.838 0.908 
5.0% 710 士 13 0.177 土 0.004 a 1.829 0.904 
10.0% 707 士 9 c 0.174 土 0.002 ab 1.821 0.904 
15.0% 702 土 16 c 0.174 土 0.000 ab 1.812 0.904 
20.0% 671 士 21 c 0.180 ± 0.003 a 1.803 0.900 
Note: 
# ： Different italic letters after the value denote significantly different means (P<0.05, 
One-way ANOVA, n=9 for WHC, n=3 for bulk density) 
•： Calculated from particle density of individual ingredients (Table 17) 
111 
In terms of water retention (Table 22)，there was no significant difference in various 
substrate formulae with 0% to 20% rice hull in the first four days. After Day 4，10% rice 




















































































































































































































































































































































































































































































































































































































For seed germination (Figure 55), Brassica juncea and Triticum aestivum showed 
slightly lower germination rates (-10% lower) than water control. Therefore 
supplementing rice hull into the substrate formula would not decrease the germination 
rate of the three seed species tested. 
For relative tissue length (Figure 56), there was a drop of tissue length at 10% rice 
hull in Vigna radiata. There was a continuous decreasing trend of relative tissue length 
dropping from 0% to 20% rice hull in Brassica juncea and Triticum aestivum. The 
decrement of tissue length was significant at 20% rice hull in Brassica juncea and 
Triticum aestivum. 
In the case of germination index (Figure 57), there was still no significant difference 
among different rice hull doses on Vigna radiata. Similar to relative tissue length, there 
was a continuously decreasing trend of germination index from 0% to 20% rice hull in 
Brassica juncea and Triticum aestivum. The minimum point was at 20% rice hull. 
Therefore increment of rice hull% in the growth substrate might harm some of the plants 
grown on it and the effect was significant at 20% rice hull. 
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Figure 55. Effect of supplementation of rice hull to a mixed substrate of SMC, Paper 
Mulch (PM) and superabsorbent polymer (SAP) on relative germination 
Note: No significant difference in means (P<0.05, One-way ANOVA, n=6) 
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Figure 56. Effect of supplementation of rice hull to a mixed substrate of SMC, Paper 
Mulch (PM) and superabsorbent polymer (SAP) on relative tissue length 
Note: Different italic letters after the value denote significantly different means 
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Figure 57. Effect of supplementation of rice hull to a mixed substrate of SMC, Paper 
Mulch (PM) and superabsorbent polymer (SAP) on germination index 
Note: Different italic letters after the value denote significantly different means 
(P<0.05, One-way ANOVA, n=6) 
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The soil shrinkage decreased when rice hull increased from 0% to 20% (Table 23). 
At 15% rice hull, the shrinkage % in terms of area changed from 88.1 to 93.6%. There 
was no further significant increase between 15% and 20% rice hull. 
Table 23. The soil shrinkage of different mixtures of different mixtures of 25% spent 




Bottom Top Averaged 
0% 87.7 土 1.2 c 88.5 土 1.2 c 88.1 士 0.9 c 
5% 88.5 士 0.8 c 89.9 士 0.9 c 89.2 士 0.7 c 
10% 90.8 士 1.2 b 91.7 ± 1.4 b 91.2 士 1.3 b 
15% 94.0 士 1.4 a 93.2 土 1.5 ab 93.6 士 1.3 a 
20% 95.0 士 0.9 a 94.8 士 1.1 a 94.9 士 1.0 a 
Note: Different italic letters after the value denote significantly different means (P<0.05, 
One-way ANOVA, n=6) 
116 
Higher rice hull amount would lead to decrease in WHC. Also, in terms of water 
retention，10% rice hull can retain higher amount of water. For seed germination, there was 
significant inhibition on one of the plant species at or above 15% rice hull. Therefore 10% 
rice hull was chosen. The optimized plant growth substrate formula consisted of: 64.75% PM, 
25% SMC, 10% rice hull and 0.75% SAP. 
117 
3.2 Characterization of the Optimized Wedelia-growing Substrate 
3.2.1 Physical and Chemical A n a l y s i s 
pH of 5.2 to 8 in a substrate provides the optimum conditions for most agricultural 
plants (Figure 58) (NSW Agriculture, 2000). Microbial activity in the soil is also affected 
by soil pH with most activity occurring in soils of pH 5.0 to 7.0 (NSW Agriculture, 2000). 
EC tested ranged from 191 to 5827 ^iS/cm with SAP bore the lowest and rice hull the 
highest (Table 24). EC of the formulated substrate was 1354 ^S/cm which indicated 
normal plants can grow healthily but sensitive plants may suffer from minor growth 
retardation (Table 25). 
SMC was a bit acidic. But by mixing with the slightly basic paper mulch, the acidity 
can be neutralized and provides an ideal pH (6.53) for plant and microbial growth (Table 
24). The formulated substrate and its ingredients were organic in nature and their organic 
matter contents were high. 
In terms of water holding capacity, both the PM, SMC and rice hull had high values 
(Table 24). For SAP, the water holding capacity was extremely high. It could store water 
of 100 times higher. The final formulated substrate could store around 700 folds of water 
of its own weight. Both the four ingredients had small values in their bulk densities which 
indicate they were not heavy (Table 24). The weight of the final formulated substrate was 
also very light. 
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Table 24. The physical and chemical properties of the formulated substrate and its 
ingredients 
Formulated Substrate PM SMC Rice H u l l ~ ~ ^ 
^ 6.53 ± 0.03 7.72 ± 0.05 4.94 土 0.03 5.76 土 0.02 6.03 士 0.01 
ECg^S/cm) 1354 士 24 655 土 1 1867 土 4 5827 士 31 I ^ T T l 
Organic Matter (%) 86.4 士 0.1 + 14.7 ± 4.9 
^ 707 ^ 9 606 ± 49 680 土 45 308 土 26 75837 土 2809 
Bulk Density (g/cm^) 0.174 士 0.002 0.194 士 0.001 | 0.169 土 0.003 | 0.089 土 0.004 0.002 士 0.000 
Table 25. The soil salinity criteria of electrical conductivity EC by saturated paste 
extraction (Peverill et al., 1999) 
Plant salt tolerance grouping EC range OiS/cm) 
Moderately sensitive crops 950-1900 
Tolerant crops 4500-7700 \ 
Generally too saline for crops > 12200 
• . i 
“ I 
::丨 j 
Figure 58. Effect of pH (CaC^) scale on plant growth 
(adopted from NSW Agriculture, 2000) 
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3.2.2 Nutrient and Metal Contents 
Nutrients in terms of macronutrients and metals of the formulated substrate and its 
ingredients are summarized in Table 29. 
The formulated substrate contained sufficient nitrogen and phosphorus for plant and 
microbial growth. Plant available phosphorus was found to be 236.9 mg/kg which is 
classified as high in the general guideline suggested by London (1991) (Table 26 and Table 
29). Total nitrogen (0.320%) and phosphorus (634.8 mg/kg) were found to have moderate 
amounts and vegetation can support their growth without further fertilization. Both nitrogen 
and phosphorus contents in the formulated substrate were contributed mainly by SMC which 
contained 797.8 mg/kg Ava-P，2215.4 mg/kg Total-P and 0.704% Total-N. 
Total nitrogen (0.320%) was much higher than the sum of mineral nitrogen (Ava NH3 
and NOx, sum up to 0.0173%) which are easily washed away by flushing water. The nitrogen 
source of the formulated substrate was mainly in slow releasing form. 
Total organic carbon content of the formulated substrate and its ingredients were high. 
This further confirmed these materials were organic in nature. Trace of inorganic carbons (e.g. 
carbonate and hydrogen carbonate) was found in the formulated substrate (1.1%) which was 
mainly contributed by PM (1.8%). Due to high value of organic carbon content, C:N ratio of 
the formulated substrate was found to be high and had a value of 120. This indicates that the 
degradation rate of this substrate was limited and its physical properties upon microbial 
degradation would not quickly deteriorate. 
All the five cations (Na, Ca, Mg，K, Fe) of the formulated substrate studied in available 
forms were found to be high in values (Table 27 and Table 29). Therefore the amounts of 
plant requiring cations were sufficiently met by the formulated substrate. But the high value 
of sodium may cause adverse effect on growth of sodium sensitive plants. Ca:Mg cation ratio 
was calculated to be 13.9:1 in which magnesium may became less available for plants (Table 
120 
28). Hopefully the slightly acidic of the formulated substrate prevent reduced availability of 
phosphorus. K:Mg cation ratio of the formulated substrate was found to be 1.3:1 and is in the 
recommended level for field crops (Table 28). 
Table 26. General guidelines for phosphorus and nitrogen interpretation in soil 
(Landon, 1991) 
Indicative available nutrient values 
Low Middle High 
Available P (mg/kg) <5 5-15 >15 
Total P (mg/kg) <200 200-1000 >1000 
Total N (%) 0.2-0.5 T ^ S 
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Table 27. Critical values of individual exchangeable/plant available cations in soil 
(Landon, 1991) 
Rating Comments 
Low/deficiency Medium High 
Available Ca 160 2000 Normally deficiency would not 
(mg/kg) occur 
Available Mg <30 30-60 >60 Mg uptake may affected by high 
(mg/kg) 
exchangeable K levels 
Available K 11.7-78.2 78.2-156.4 156.4-312.8 Based on Malawi soils 
(mg/kg) <97.8 97.8-195.5 >195.5 General appraisal of USA soils 
117.3-195.5 195.5-312.8 >312.8 New Zealand 
<58.7 58.7-234.6 >234.6 UK Soils 
Available Na - - >230 Not an essential plant nutrients 
(mg/kg) (adverse impact) and have adverse effect on crops 
and soil in high concentration 
Available Fe 2 - - Micronutrient 
(mg/kg) 
Table 28. Critical and common values of exchangeable/plant available cation ratios in 
soil (Landon, 1991) 
Cation Approximate Effects 
Ratio Value 
Ca:Mg >5:1 Mg increasing unavailable with increasing Ca 
P availability may be reduced in high pH 
3:1 to 4:1 Approximate optimum range for most crops 
<3:1 P uptake may be inhibited 
1 ： 1 Lowest acceptable limit 
Reduce Ca availability with lower values 
K:Mg >2:1 Mg uptake may be inhibited 
<3:2 Recommended level for field crops 
<1:1 Recommended level for vegetables and sugarbeet 
<3:5 Recommended level for fruit and greenhouse crops 
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Table 29. Total and available nutrients in paper mulch, spent mushroom compost, rice hull, 
superabsorbent polymer and the formulated substrate 
SMC/MC 
PM Aver- 则 ce ^^^ Formulated 
MCI* SMCl SMC2 SMC3 SMC4 hull Substrate aged 
AvaP 61.4 797.8 72.8 516.5 760.2 891.3 1023.0 234.5 N.D. ~ ~ ~ 
(mg/kg) 土 36.4 土 19.6 士 7.5 土 32.0 土 15.2 土 13.0 土 18.2 土 12.8 ±21.0 
AvaNH3 60.2 139.7 71.3 165.42 102.6 130.1 160.6 518.1 412.1 ^ ~ ~ 
(mg/kg) 土 35.8 土 7.9 土 7.3 ±18.1 士 7.5 土 5.7 ±0.4 士 6.1 士 125.9 士 18.3 
AvaNOx 2.3 103.8 14.7 84.5 92.4 115.8 122.5 169.7 7.2 ^ 
(mg/kg) 土 1.6 土 4.1 土 1.0 土 3.1 土 4.4 土 4.4 土 4.4 士 0.4 士 2.4 土 8.6 
Total P 63.6 2215.4 4738.5 2103.1 1893.2 2500.2 2365.1 585.2 N.D. 634.8 
(mg/kg) ±10.0 士 85.9 土 101.9 ±111.0 士 101.7 士 107.0 土 23.7 土 106.0 土 40.7 
Total N(%) 0.151 0.704 1.555 0.688 0.655 0.830 0.642 0.455 0.003 0.320 
士0.003 士 0 . 0 3 4 土0.008 土0.048 土 0 . 0 1 2 士0.059 土 0 . 0 1 7 士 0 . 0 1 3 土0.002 士 0 . 0 1 6 
TOC (%) 35.1 土0.3 47.0±0.4 43.0±0.6 47.1士0.3 48.4土0.7 46.7士0.1 45.7土0.4 43.9±0.4 32.6士0.8 38.4士0.4 
TC (%) ； ; l ^ j g j ^ g i l i g ^ L ^ i l Z ^ i l i ^ j g ： ^ ^ 39.5 士0.4 
IC ( % ) 1.8 ±0.1 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 1.1 ±0.1 
C:N Ratio 232 67 28 68 74 56 71 96 9430 120 
Total Na 331 402 356 424 339 368 476 197 352877 3609 
(mg/kg) ± 6 2 土 2 3 土 1 1 0 士 4 土 4 6 ± 3 6 ±7 ±24 土 4 1 2 8 7 ± 6 8 
Total Ca 96488 14238 13351 16413 13688 14915 11936 943 277 70508 
(mg/kg) 士 1 4 0 2 土 6 0 3 土 1 7 0 0 土 8 8 2 土 4 6 0 士 6 2 2 土 4 4 8 土 1 3 3 土 1 0 7 土 4 3 9 1 
Total Mg 12719 1944 1537 1908 1985 1993 1890 510 9 8630 
(mg/kg) 土3325 土 53 士 69 土 93 士 40 土31 土 48 ±76 土 4 土 522 
Total K 128 2041 1752 1846 1618 2422 2278 4156 877 1203 
(mg/kg) ±30 土 77 土 80 土 127 土 66 土 64 土 50 土之 09 ±26 士 83 
Total Fe 990 209 206 193 180 204 259 83 52 755 
(mg/kg) ±93 ±32 ±34 ±24 士19 ±37 ±47 ±4 ±11 ±21 
AvaNa 285 229 180 232 180 217 289 80 73667 2334 
(mg/kg) 士71 士 5 土 3 士 8 士 3 士 3 士 7 土 1 士之 31 士 93 
Ava Ca 14910 10604 6990 10390 10259 11645 10122 211 128 10802 
(mg/kg) 土 4 4 3 土 5 5 0 ± 1 0 3 ± 8 8 8 ± 7 1 7 士 2 3 2 土 3 6 4 士 3 ±22 士 4 0 0 
AvaMg 320 14 1537 11 22 10 13 293 N.D. 776 
(mg/kg) 士 35 土 1 士 G9 土 0 土 2 士 0 土 1 土之 0 ±53 
AvaK 129 2093 1629 2008 1779 2509 2078 3687 854 1017 
(mg/kg) 士 14 士 72 土 15 士 100 士 77 ±97 士 12 土 70 土553 ±45 
AvaFe 40 ±2 8±1 9士0 7 士0 5 士0 9 士0 11 土2 N.D. N.D. 13 ±4 
(mg/kg) I I I I I I I I I I 
Note: 
# ： Sum up of all batches of SMC (SMCl, SMC2,SMC3，SMC4) 
•： Mushroom Compost (without fruiting) 
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3-2.3 Detection of Heavy Metal Contaminants 
Because the paper mulch used came from waste, a basic analysis on potential 
hazardous contents was carried on. Concentrations of six heavy metals were analyzed. 
Heavy metals contents in formulated substrate and its ingredients are summarized in 
Table 31. None of the six heavy metals (Cadmium, Copper, Lead, Chromium, Nickel and 
Zinc) of the formulated substrate and its ingredients exceeded the guideline - class A or B 
level of the Standard of Soil Quality Assessment for Exhibition Sites (HJ 350-2007) 
(Table 30). In this standard, class A represents soil quality objectives and non-polluted. 
Class A soil can be used for all land types. Class B is the action levels for soil 
remediation. 
Table 30. Standard of soil quality assessment for exhibition sites 
(China Standard, HJ 350-2007) 
Cd Cu Pb Cr Ni Zn Hg Bis(2-ethylhexyl) Dibutyl 
phthalate phthalate 
面：Mg^圓驟誦 
Class 22 600 600 610 2400 1500 50 210 100 
B 



































































































































































































































































































































3.2.4 Detection for Organic Contaminants 
GC-MS scans on the organic contaminants if any were done with the formulated 
substrate and its substrate components. The GC chromatograph of SMC is shown in 
Figure 60. Ergosterol was found in the samples of SMC. Ergosterol is a component of 
fimgal cell membranes, serving the same function as cholesterol in animal cells. 
In the chromatograph ofPM, there are plasticizer compounds (Figure 59), including 
21.2 ppm bis(2-ethylhexyl)phthalate and 3.2 ppm dibutyl phthalate (Table 37). These are 
endocrine disrupters and are common environmental contaminants. The level was within 
USEPA Federal Standards: soil screening levels (Dibutyl phthalate: 2300 ppm, 
Bis(2-ethylhexyl)phthalate: 46 ppm) (USEPA, 2002b). It also did not exceed the related 
guideline of China for Exhibition Sites (Table 30). The level is acceptable. 
Some plasticizer compounds were also detected in the formulated substrate included 
14.5ppm bis(2-ethylhexyl)phthalate and 2.5ppm dibutyl phthalate (Table 37). These 
contaminants came from the major ingredient PM and not exceeded both the USEPA 
Federal Standards: soil screening levels and Standard of Soil Quality Assessment for 
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Figure 59. A GC-MS chromatograph of paper mulch 
(curves with different colours representing different replicates) 
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T,ble 36. The putatively identified compounds of the formulated substrate by GC-MS 
ID Retention Identified compound “ CAS no. Quality 
Time 
1 12.26 Vanillin 000121-33-5 “ ^ 
2 14.01 Phenol, 2,4-bis(l,l-dimethylethyl)- 000096-76-4 ^ ~ 
3 18.99 Bis(2-methoxypropyl)ester 000084-69-5 ^ 
1,2-benzenedicarboxylic acid 
4 20.11 n-Hexadecanoic acid 000057-10-3 ^ 
5 20.15 Dibutyl phthalate 000084-74-2 ^ 
6 21.72 Hexadecane 000544-76-3 ^ 
I 22.21 9-Octadecenoic acid, (E)- 000112-79-8 ^ 
8 22.44 Octadecanoic acid 000057-11-4 91 
9 22.71 Hexadecanoic acid, butyl ester 000111-06-8 90 
10 22.84 Nonadecane 000629-92-5 ^ 
II 23.92 Heptacosane 000593-49-7 99 
12 24.84 Octadecanoic acid, butyl ester 000123-95-5 93 
13 24.96 Tetracosane 000646-31-1 98 
14 25.48 1 -Phenanthrenecarboxylic acid 001740-19-8 99 
25.95 Pentacosane 000629-99-2 98 
16 26.47 Bis(2-ethylhexyl) phthalate 000117-81-7 90 
17 26.91 Hexacosane 000630-01-3 99 
18 27.84 Heptacosane 000593-49-7 99 
19 28.73 Nonadecane 000629-92-5 97 
20 29.28 5.alpha.，8.alpha.,9.beta.,14.beta-Cholestane 069483-40-5 87 
21 29.60 Nonacosane 000630-03-5 99 
22 30.42 Triacontane 000638-68-6 97 
23 31.04 28-Nor-17.beta.(H)-hopane 036728-72-0 ^ 
24 31.24 Heptacosane, 1 -chloro- 062016-79-9 98 
25 31.73 28-Nor-17.beta.(H)-hopane 036728-72-0 64 
26 32.05 Octacosane 000630-02-4 98 
27 32.87 16-Hentriacontanone 000502-73-8 74 
28 32.97 Tritriacontane 000630-05-7 97 
29 33.35 Stigmasterol，22,23-dihydro- 1000214-20-7 99 
30 35.19 Octadecanoic acid, ethenyl ester 000111-63-7 50 
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Figure 60. A GC-MS chromatograph of spent mushroom compost 
(curves with different colours representing different replicates) 
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T,ble 36. The putatively identified compounds of the formulated substrate by GC-MS 
ID Retention Identified compound “ CAS no. Quality 
Time 
1 &83 cis_ 1 -Methoxy-3-methyl-1 -butene 1000139-44-1 64 
2 9.88 Benzaldehyde, 4-methoxy- 000123-11-5 97 
3 11.17 Propionaldehyde, ethylhydrazone 007422-92-6 72 
4 12.02 2-Propenoic acid, 3-phenyl-，methyl- 000103-26-4 96 
5 14.01 Phenol, 2,4-bis( 1,1 -dimethylethyl)- 000096-76-4 ~ ^ 
6 15.48 Cedrol 000077-53-2 99 
7 16.56 .alpha,Bisabolol 000515-69-5 91 
8 19.93 (E)-4-Hexenoic acid，2-acetyl-2... 061979-97-3 ~ ^ 
9 20.09 n-Hexadecanoic acid 000057-10-3 99 
10 20.15 Dibutyl phthalate 000084-74-2 95 
11 20.49 Hexadecanoic acid, ethyl ester 000628-97-7 95 
12 21.37 1 -Naphthalenepropanol, .alpha.-.. 000596-85-0 91 
13 21.94 Silane, 1,3-decadiynyltrimethyl- 084751-17-7 49 
14 22.12 9,12-Octadecadienoic acid (Z，Z)- 000060-33-3 98 
15 22.44 Octadecanoic acid 000057-11-4 97 
16 23.21 5-(7a-Isopropyl-4,5-dimethyl-octane 1000193-54-0 87 
17 23.70 Thunbergol 025269-17-4 78 
18 24.58 Cyclopentadecanone, 2-hydroxy- 004727-18-8 84 
19 26.46 Bis(2-ethylhexyl) phthalate 000117-81-7 80 
20 28.57 Erucylamide 000112-84-5 96 
21 30.27 2-(4-Cyanophenyl)-5-dimethylami... 150405-58-6 51 
22 31.93 Ergosta-7,22-diene-3,5，6-triol’... 000516-37-0 70 
23 32.30 Ergosta-5，8,22-trien-3-ol，(3.b... 050657-31-3 90 
24 32.41 Ergosterol 000057-87-4 91 
25 32.52 19-Nor-24-methylcholest-5，7，9，2… 1000130-60-1 95 
26 33.35 .gamma.-Sitosterol 000083-47-6 99 
27 33.45 Ergostanol 006538-02-9 90 
28 33.93 3-Methoxyergost-8(14)-ene 1000197-54-4 53 
29 34.28 Olean-12-ene, 3-methoxy-，（3.be". 014021-26-2 90 
30 34.43 Stigmasta-3,5-dien-7-one 002034-72-2 96 
31 34.93 9,19-Cyclolanostan-3-ol, 24-met... 001449-09-8 95 
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Figure 61. A GC-MS chromatograph of superabsorbent polymer 
(curves with different colours representing different replicates) 
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T,ble 36. The putatively identified compounds of the formulated substrate by GC-MS 
ID Retention Identified compound “ CAS no. Quality 
Time 
1 14.01 Phenol, 2，4-bis(l，l-dimethylethyl) - 000096-76-4 V l ~ 
2 20.14 n-Hexadecanoic acid 000057-10-3 99 
3 22.34 Octadecanedioic acid 000871-70-5 81 
4 22.43 Octadecanoic acid 000057-11-4 99 
5 24.84 Octadecanoic acid，butyl ester 000123-95-5 94 
6 28.56 Erucylamide 000112-84-5 ^ 
7 29.10 Furan, 2-methyl-5-(methylthio)- 013678-59-6 59 
8 29.59 4-Fluorothiophenol 002557-77-9 47 
9 30.38 Hexadecanoic acid，tert-butyldi... 1000221-81-6 81 
10 30.56 2-Ethylacridine 1000147-64-9 55 
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Figure 62. A GC-MS chromatograph of rice hull 
(curves with different colours representing different replicates) 
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T,ble 36. The putatively identified compounds of the formulated substrate by GC-MS 
ID Retention Identified compound “ CAS no. Quality 
Time 
1 14.01 Phenol, 2，4-bis(l，l-dimethylethyl)- 000096-76-4 ^ 
2 20.09 n-Hexadecanoic acid 000057-10-3 ^ 
3 22.16 9-Octadecenoic acid，(E)- 000112-79-8 ^ 
4 22.45 Octadecanoic acid 000057-11-4 96 
5 22.70 Hexadecanoic acid，butyl ester 000111-06-8 94 
6 23.62 Kaur-16-en-18-oic acid, methyl... 005524-25-4 22 
7 23.73 1,3-Dimethyl-5-(3-methyl-1 H-ind… 1000148-41-3 ^ 
8 24.15 l，5-Diphenyl-2H-l，2，4-triazolin." 005055-74-3 ~ ~ ^ 
9 24.49 1 -Phenanthrenecarboxylic acid’... 001235-74-1 96 
10 24.84 Octadecanoic acid，butyl ester 000123-95-5 93 
11 25.95 Phenanthrene, 1，2，3，4,4a，ma-he." 054833-49-7 56 
12 26.19 N-(3-Pyrenyl)-maleinimide 042189-56-0 ~ ~ ^ 
13 26.34 2(1 H)-Phenanthrenone, 3，4,4a，9,". 000472-37-7 ^ 
14 26.46 Bis(2-ethylhexyl) phthalate 000117-81-7 62 
15 26.61 2-Naphthalenepropanoic acid, .b... 057289-69-7 59 
16 26.80 s-Indacene，l,2，3，5，6,7-hexahyd." 055030-60-9 53 
17 27.93 .DELTA.8-Tetrahydrocannabinol 005957-75-5 55 
18 28.16 3，18-Epoxyandrosta-5，7-dien-17-... 1000196-52-5 60 
19 28.57 Erucylamide 000112-84-5 97 
20 29.58 Triacontane, 1-bromo- 004209-22-7 70 
21 32.45 Campesterol 000474-62-4 99 
22 32.77 Stigmasterol 000083-48-7 99 
23 33.36 .gamma.-Sitosterol 000083-47-6 99 
24 33.82 Cholest-4-en-26-oic acid，3-oxo- 023017-97-2 38 
25 34.02 9,19-Cyclo-27-norlanostan-25-on... 083110-15-0 50 
26 34.21 Spinasterone 023455-44-9 99 
27 34.42 Stigmasta-3,5-dien-7-one 002034-72-2 94 
28 34.75 24-Methylenecycloartan-3-one 1000111-15-9 62 
29 34.93 Stigmast-4-en-3-one 001058-61-3 95 
30 35.11 Aurantiamide acetate 056121-42-7 42 
31 35.87 Stigmast-7-en-3-ol, (3.beta”5…. 018525-35-4 55 
32 36.31 Stigmast-22-en-3-one, 4-methyl-... 122405-69-0 55 
33 37.26 N'-[l 7-( 1,5-Dimethylhexyl)-10，1 … 1000210-74-8 55 
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Figure 63. A GC-MS chromatograph of the formulated substrate 
(curves with different colours representing different replicates) 
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T,ble 36. The putatively identified compounds of the formulated substrate by GC-MS 
ID Retention Identified compound “ CAS no. Quality 
Time 
1 14.01 Phenol, 2,4-bis( 1,1 -dimethylethyl)- 000096-76-4 ^ ~ 
2 18.98 Bis(2-methoxypropyl)ester 000084-69-5 ^ 
1,2-benzenedicarboxylic acid 
3 20.13 n-Hexadecanoic acid 000057-10-3 ^ 
4 22.19 9-Octadecenoic acid，(E)- 000112-79-8 ^ 
5 22.46 Octadecanoic acid 000057-11-4 99 
6 22.84 Docosane 000629-97-0 ^ 
7 23.91 Nonadecane 000629-92-5 ^ 
8 24.96 Tetracosane 000646-31-1 99 
9 25.48 1 -Phenanthrenecarboxylic acid,... 001740-19-8 99 
10 25.95 Nonacosane 000630-03-5 ^ 
11 26.46 Bis(2-ethylhexyl) phthalate 000117-81-7 l l 
12 26.90 Hexacosane 000630-01-3 98 
13 27.84 Heptacosane 000593-49-7 99 
14 28.73 Nonadecane 000629-92-5 97 
15 29.59 Nonacosane 000630-03-5 99 
16 30.42 Triacontane 000638-68-6 97 
17 31.03 28-Nor-17.beta.(H)-hopane 036728-72-0 ~ ^ 
18 31.24 Heptacosane, 1-chloro- 062016-79-9 98 
19 31.73 28-Nor-17.beta.(H)-hopane 036728-72-0 ^ 
20 32.04 Octacosane 000630-02-4 98 
21 32.86 16-Hentriacontanone 000502-73-8 74 
22 32.97 Octacosane 000630-02-4 98 
23 33.35 Stigmasterol, 22,23-dihydro- 1000214-20-7 98 
24 33.93 Stigmast-7-en-3-ol, (3.beta.，5.alpha) 018525-35-4 62 
25 35.18 2-Benzylidenehydrazono-3-methyL.. 1000146-59-1 92 
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Table 37. The deduced concentrations of plasticizers found in the formulated substrate 
and its ingredients 
Di-n-butyl Bis(2-ethylhexyl) 
PM 3.2 士 0.7 21.2 士 4.0 
SMC 0.9 士 0.5 0.8 士 0.0 
mmmmmmmmmm'^m 
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3.3 Outdoor Growing Trial of Various Plants 
The appearance of Wedelia trilobata, Epipremnum aureum and Zoysia matrella at day 0 
is shown in Figure 64，Figure 66 and Figure 68. Their appearance at week 8 is shown in 
Figure 65, Figure 67 and Figure 69. 
Trials with Sesbania cannabina and Zoysia japonica at week 8 are shown in Figure 70 
and 71 • Unexpectedly, although seeds were germinated at the first few days, there were no 
survived plantlets remaining in the baskets in trials with Brassica juncea, Lotus corniculatus, 
Triticum aestivum and Medicago sativa after 8 weeks. Reseeding was done in the baskets for 
these four species at week 8 for confirmation of results. After one additional week, seedlings 
were observed except Triticum aestivum (Figure 72). But after the first weeks, emerged 
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Figure 64. The initial growth of Wedelia trilobata under outdoor condition 
_ _ 
Figure 65. The growth of Wedelia trilobata under outdoor condition at week 8 (substrate and 
plants were transferred into another type of baskets at 4出 week) 
1 • ‘ M i ^ flH 
Figure 66. The initial growth of Epipremnum aureum under outdoor condition 
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_ 圖 
Figure 67. The growth of Epipremnum aureum under outdoor condition at week 8 
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Figure 68. The initial growth of Zoysia matrella under outdoor condition 
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Figure 70. The growth of Sesbania cannabina under outdoor condition at week 8 
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Figure 71. The growth of Zoysia japonica under outdoor condition at week 8 
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Brassica juncea: 
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Figure 72. Reseeded baskets of Brassica juncea, Lotus corniculatus and Medicago sativa in 
outdoor conditions at week 9 (one week after reseeding) 
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3.4 Plant Characterization 
3.4.1 Growth Rate of Plantlets in Water 
Growth rate of Wedelia trilobata in hydroponic culture was studied and compared to 
another horticultural plant Epipremnum aureum. Except newly emerged shoot length, 
編elia had faster growth than Epipremnum. In definite period of time, roots of Wedelia 
grew longer (Figure 73); leaves grew bigger (Figure 74); and had higher number of roots 
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Figure 73. Maximum root lengths of Wedelia and Epipremnum grown in hydroponic 
cultures for laboratory pollutant removal tests 
Note: Except Week 0, there was significant difference between values of Wedelia and 
Epipremnum with two-tailed p = 0.000 (Independent-Samples T-test, n=30) 
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Figure 74. Estimated leaf areas of Wedelia and Epipremnum grown in hydroponic 
cultures for laboratory pollutant removal tests 
Note: Except Week 0，there was significant difference between values of leaves area 
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Figure 75. Number of roots (> 5 mm) of Wedelia and Epipremnum grown in hydroponic 
cultures for laboratory pollutant removal tests 
Note: Except Week 0，there was significant difference between values of Wedelia and 
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Figure 76. Newly emerged shoots of Wedelia and Epipremnum grown in hydroponic 
cultures for laboratory pollutant removal tests 
Note: There was no significant difference between values of Wedelia and Epipremnum 
with two-tailed/? = 0.850 in week 4 and 0.545 in week 6 (Independent-Samples T-test, 
n=30) 
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3.5 Temperature Stabilization Test 
Temperature fluctuation in the enclosed chambers containing substrate only, 
substrate with plant and empty petri dish (control) is shown in Figure 77 (Each enclosed 
chamber contained one petri dish), Figure 78 (Each enclosed chamber contained two petri 
dishes) and Figure 79(Each enclosed chamber contained four petri dishes), respectively. 
Greater damping effect on the temperature fluctuation was observed when the number of 
petri dishes increased. From the curves, fluctuation of temperature was to lesser extent in 
the cases of substrate with plant than purely substrate only. Therefore both substrate and 
plant contributed to the temperature stabilization. 
Differences in maximum temperature and mininum temperature inside the enclosed 
chamber were calculated and summarized into Table 38. All of enclosed chambers 
containing either substrate only or substrate with plant were found to reduce maximum 
temperature and increased mininum temperature inside the enclosed chambers compared 
to controls. Therefore the bioremediation system had temperature stabilization effect. 
There was significant decrease of maxmimum temperature and increase of mininum 
temperature when the number of the integrated bioremediation system (substrate and 
plant) in petri dish increased from one to four. But there was only significant increase of 
mininum temperature when number of the bioremediation system (substrate & plant) in 
petri dish increased from one to two. On the other hand, there was significant difference 
in maxmimum temperature in chambers containing one petri dish of substrate only and 
substrate with plants but not in the case of two and four petri dish setup (except four 5 cm 
plants on each petri dish). Four dishes with four 5 cm plants on each petri dish showed no 
significant difference from four dishes each with one 10 cm plant. 
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Figure 77. The response of chamber temperature containing one petri dish of 
bioremediation system to the fluctuating surrounding temperatures 
Note: Sub = substrate only; plant = substrate with 10 cm plant; xl = one dish 
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Figure 78. The response of chamber temperature containing two petri dishes of 
bioremediation system to the fluctuating surrounding temperatures 
Note: Sub = substrate only; plant = substrate with 10 cm plant; x2 = two dishes 
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Figure 79. The response of chamber temperature containing four petri dishes of 
bioremdiation system to the fluctuating surrounding temperatures 
Note: Sub = substrate only; plant = substrate with 10 cm plant; 4 plant = substrate with four 5 cm plants; 
x4 = four dishes 
Table 38. Differences in maxmimum and mininum temperatures inside the enclosed 
chamber compared to control 
Temperature difference from control (°C) * 
Maxmimum Temperature Mininum Temperature 
Subxl -0.2 土 0.2 e +0.7 士 0.3 c 
Plant xl -0.8 士 0.6 d +0.9 土 0.4 be 
Subx2 -0.9 土 0.3 d +1.6 士 0.6 a 
Plant x2 -1.2 士 0.3 cd +1.9 士 0.4 a 
Subx4 -1.4 ± 0.1 be +1.3 士 0.1 ab 
Plant x4 -1.8 士 0.2 ab +1.7 士 0.1 a 
4Plants#x4 -1.9 士 0.2 a +1.8 土（U a 
Note: 
Sub = substrate only; plant = substrate with plant; xl = one dish; x2 = two dishes; x4 = four dishes 
Sample size = 6; means followed by the same letters do not significantly differ (one-way ANOVA, 
Tukey's-b post hoc test, p=0.05) 
*: In control, corresponding number of empty petri dish was placed inside the chamber 
#: Four 5 cm height plantlets in one petri dish; others were having only one 10 cm height plantlet 
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3.6 NOi Removal Test 
3.6.1 Effect of NO, Concentration on RF 
Removal efficiency and removal capacity of the bioremediation system in various 
exposed NO2 concentrations are summarized into Figure 80, Figure 81 and Figure 82. 
Results of different post tests including protein amount in plantlets (Figure 83)， 
photosynthetic pigments content in plantlets (Figure 84), phenolic content in plantlets 
(Figure 85)，CAT activity in plantlets (Figure 86 and Figure 87), POX activity in plantlets 
(Figure 88 and Figure 89) and SOD activity in plantlets (Figure 90 and Figure 91) are 
also summerized in graphs. 
From Figure 80, RE decreased from 88.0±3.9 % at 0.15 mg/m� gradually to 
61.1土 1.1% at 72.9 mg/m^. The trend was consistent throughout the tested range of NO2 
concentrations (0.15-72.9 mg/m^). 
For RC, the value increased consistently in per weight basis and had a direct 
poiportional relationship with exposed NO2 concentrations (Figure 81). The removal 
surface for NO2 in the bioremediation system did not reach saturation in the tested 
concentrations (0.15-72.9 mg/m^) for 2 hours exposure. Therefore the curve of RC per 
weight did not level off. The maximum RC per weight basis was 49.09士0.86 fxg/g 
matrix/hr at NO2 concentration of 72.9 m g W . Similar phenomenon was observed in RC 
per volume basis and the maximum RC was 8.33士0.15 |ig/cm^ matrix/hr at NO2 
concentration of 72.9 mg/m; (Figure 82). 
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Figure 82. Effect of NO2 exposure concentration on removal capacity per volume of the 
bioremediation system 
During and after NO2 exposure, CAT, POX and SOD activities fluctuated when the 
NO2 concentration was increased. Similarly, no particular linear or reverse relationship 
was observed between photosynthetic pigments or phenolic contents and the exposed 
NO2 concentration. Therefore there was no consistent triggering of antioxidation system 
nor damaging of photosynthetic pigments by the short term exposure (2 hours) of NO2 
tested at variable concentrations (0.15-72.9 mg/m^). Thus, the NO2 exposure conditions 
are not phytotoxic to Wedelia plantlets. 
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Figure 83. The effect of 2 hour NO2 exposure on the protein amount of plantlets 
*• Sample having statistical difference (one-way ANOVA, Turkey's-b post hoc test, p=0.05) 
compared to control (0 mg/m^ NO2 exposure) 
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Figure 84. The effect of 2 hour NO2 exposure on the photosynthetic pigments content of 
plantlets 
Note: Statistical no difference (one-way ANOVA, Tukey's-b post hoc test, p=0.05) compared to 
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Figure 85. The effect of 2 hour NO2 exposure on the phenolic content of 
plantlets 
Note: Statistical no difference (one-way ANOVA, Turkey's-b post hoc test, p=0.05) compared to 
control (0 mg/m^ NO2 exposure) 
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Figure 86. The effect of 2 hour NO2 exposure on the specific CAT activity of 
plantlets 
*: Sample having statistical difference (one-way ANOVA, Turkey's-b post hoc test, p=0.05) 
compared to control (0 mg/m; NO2 exposure) 
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Figure 87. The effect of 2 hour NO2 exposure on the CAT activity per unit weight of 
plantlets 
*' Sample having statistical difference (one-way ANOVA, Turkey's-b post hoc test, p=0.05) 
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Figure 88. The effect of 2 hour NO2 exposure on the specific POX activity of 
plantlets 
Sample having statistical difference (one-way ANOVA, Turkey's-b post hoc test, p=0.05) 
compared to control (0 mg/m^ NO2 exposure) 
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Figure 89. The effect of 2 hour NO2 exposure on the POX activity per unit weight of 
plantlets 
Sample having statistical difference (one-way ANOVA, Turkey's-b post hoc test, p=0.05) compared to 
control (0 mg/m^ NO2 exposure) 
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Figure 90. The effect of 2 hour NO2 exposure on the specific SOD activity of 
plantlets 
*: Sample having statistical difference (one-way ANOVA, Turkey's-b post hoc test, p=0.05) 
compared to control (0 mg/m^ NO2 exposure) 
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Figure 91. The effect of 2 hour NO2 exposure on the SOD activity per unit weight of 
plantlets 
Sample having statistical difference (one-way ANOVA, Turkey's-b post hoc test, p=0.05) 
compared to control (0 mg/m^ NO2 exposure) 
3.6.2 Effect of Various Combinations in the Bioremediation System 
Results of RE and RC of variable substrate thickness (Table 39), variable number of 
plantlets (Table 40), variable exposed surface area (Table 41 and 42) in the 
bioremediation system are summarized. 
From the results in Table 39, there was statistically no difference in RE of different 
substrate thickness (0.5 cm, 1 cm and 1.5 cm). Therefore the efficiency of removing NO2 
by the bioremediation system was not dependent on the substrate thickness but the 
removal capacity per weight and per volume did. 
For the number of plantlet (Table 40)，there was consistent increase in RE and RC 
which indicates that vegetation helps NO2 filtration. The effect of plantlets levels off after 
plantlets per dish increased to four and there was no significant difference in RE between 
156 
4 plantlets per dish and 7 plantlets per dish. 
For the exposed surface area of substrate，increment of exposed surface area from 
22.1 cm to 60.8 cm (both of 1 cm thick) increased the RE from 36.5% to 72.4% (Table 
41). The RE further increased from 72.4% to 91.8% by removing the container to fully 
expose the plant-growing substrate leading to the increment of exposed surface area from 
60.8 cm2 to 149.3 cml 
Keeping the thickness of substrate constant (1cm thick), RE was found to be 
constantly increasing when the exposed surface area increased but further increase from 
2 
104.6 cm (1.72 times the surface area of a 90 mm petri dish) to 149.3 cm^ (2.45X) and 
194.1 cm (3.19X) did not show an effect (Table 42). Removal capacity per weight and 
per volume were found to be the highest in 104.6 cm^ with the same rank in statistic as 
60.8 cm • Therefore exposing the bottom of substrate in order to increase the exposed 
surface area to the air was effective by using the same amount of materials. 104.6 cm^ 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































^ ~ ~ C o m p a r i s o n to PhotocatalytiP Paint. Physical Sorbents and Other Planting 
Media 
Three physical sorbents (silica gel, molecular sieve and granular activated carbon), three 
planting media (Soil-OM, Soil-MC and Soil-GM) and bioremediation system were compared 
for their RE and RC under a high concentration of NO2 (72 mg/m^) and a normal ambient 
concentration of NO2 (0.3 mg/m� , Ihour AQO in Hong Kong). Commerical photocatalytic 
paint with and without UVC light source were included for comparison. The surface area was 
standardized for 60.8 cm^ and 1 cm thick (thus same volume, except PCO paint). Results of 
high concentration of NO2 (72 mg/m^) are summarized into Table 43 and results of normal 
ambient concentration (0.3 mg/m^) are summarized into Table 44. 
At high concentration of NO2 ( � 7 2 m g / m \ physical sorbents performed the best with 
molecular sieve reached 77.3% RE and GAC reached 80.7% RE. Silica gel came third 
(66.2%). The bioremediation system performed similarly (61.1%) with silica gel with no 
difference in statistics. Commercially organic soil (Soil-OM) which was rich in organic 
matters showed 57.3% RE which was just a bit lower than the formulated bioremediation 
system. Mineral soil (Soil-MC and Soil-GM) together with "water only" removed statistically 
fewer percentage (22.6% for water only) of N O 2 . PCO paint did not remove much NO2 by 
itself with normal indoor lighting (16.1% only). With irradiation with UVC，RE increased 
one fold to 34.2%. 
Although RE of PCO paint was comparatively low, but due to low weight of the painted 
surface (several hundreds micrometre thick only), RC per weight of PCO paint with and 
without UVC source were the highest (131.7 |ig/g matrix/hr) and second highest (62.5 ^g/g 
matrix/hr). The bioremediation system and Soil-OM came third (49.1 and 50.3 jig/g matrix/hr) 
due to lower bulk density. GAC came fourth (32.5 ^g/g matrix/hr). Silca gel and molecular 
sieve came fifth (13.4 and 15.4 ^ig/g matrix/hr). 
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In the case of normal ambient NO2 exposure (0.3 mg/m;)，REs of soil system, 
bioremediation system and PCO paint coating were higher but physical sorbents achieved 
higher REs at higher NO2 concentration. The bioremediation system bore the highest RE 
(82.20/0) which was significantly higher than silica gel (45.1%), molecular sieve (60.3%), 
soil-GM (66.1%), H2O only (48.2%), PCO paint coating (36.3%) and PCO paint coating 
illuminated with UVC (52.9%). For RC per weight, the light weight thin PCO paint coatings 
with and without UVC had the highest RCs (0.87 and 0.73 ^ig/g matrix/hr). Bioremediation 
system and soil-OM came third (0.29 \ig/g matrix/hr). 
In summary, the bioremediation system performed as good as silica gel and better than 
normal soil systems and commerical PCO paint coatings at high NO2 concentration (72 
mg/m3) jn normal ambient NO2 concentration (0.3 mg/m�) , the bioremediation system 
showed the best performance. 
When the exposed surface area was raised by 2.45 folds by transferring the same amount 
of the bioremediation system from an open petri dish to a wire container, RE increased to 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.6.4 Effect of TemperatiirP 
RE of NO2 was found to be consistently increasing from to 45°C which is the 
temperature range in tropical and sub-tropical seashore regions (Figure 92). At the same 
time，RC per weight (Figure 93) and RC per volume (Figure 94) were also found to be 
increasing with increasing temperature. The increment of temperature in this temperature 
range improved the NO2 removal ability of the bioremediation system. 
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Figure 92. Effect of temperature on removal efFicency of 0.3 mg/m^ NO2 
Note: Different italic letters after the value denote significant different means (P<0.05, One-way 
ANOVA, Turkey's-b post hoc test, n=3) 
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Figure 93. Effect of temperature on removal capacity per weight of 0.3 mg/m^ NO2 
Note: Different italic letters after the value denote significant different means (P<0.05, One-way 
ANOVA, Turkey's-b post hoc test, n=3) 
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Figure 94. Effect of temperature on removal capacity per volume of 0.3 mg/m^ NO2 
Note: Different italic letters after the value denote significant different means (P<0.05, One-way 
ANOVA, Turkey's-b post hoc test, n=3) 
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3.6.5 Effect of Retention Timp 
Lowering of retention time reduces the chance of contact between the pollutants and 
the bioremediation matrix. RE of NO2 was found to be consistently decreasing with 
decreasing retention time (By increasing the air flow rate in the experimental chambers) 
(Figure 95). The RE became statistically lower after retention time lowered to 2 minutes. 
At 2 . 5 � 1 0 minutes retention time, RE of NO2 was stable and was over 80%. 
Inverse trends were observed in RC per weight basis and RC per volume basis 
(Figure 96 and 97). RCs increased when retention time decreased. The increment 
continued until 2.5 minutes retention time was reached. No further statistically higher 
value in RC was observed when decreasing retention time from 2.5 minutes to 2 minutes. 
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Figure 95. Effect of retention time on removal efFicency of 0.3 mg/m^ NO2 
Note: Different italic letters after the value denote significant different means (P<0.05, One-way 
ANOVA, Turkey's-b post hoc test, n=3) 
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Figure 96. Effect of retention time on removal capacity per weight of 0.3 mg/m^ NO2 
Note: Different italic letters after the value denote significant different means (P<0.05, One-way 
ANOVA, Turkey's-b post hoc test, n=3) 
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Figure 97. Effect of retention time on removal capacity per volume of 0.3 mg/m^ NO2 
Note: Different italic letters after the value denote significant different means (P<0.05, One-way 
ANOVA, Turkey's-b post hoc test，n=3) 
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3.6.6 Effect of Exnosed Timp 
Effect of exposed time of the bioremediation system on RE and RC were studied and 
is summarized into Figure 98, Figure 99 and Figure 100. 
Removal efficiency remained high (>92%) throughout the studied period with a 
slightly positive slope (slope = 0.0155, r2=0.4567) with increasing exposed time. But in 
statistic，there was no difference between different samples taken in different exposed 
times (Figure 98). RC per weight basis (Figure 99) was also found to be statistically 
insignificant among the samples. Due to variation of detected NO2 concentrations in the 
blank run between samples, there was fluctuation of RC per volume basis with varying 
exposed times (Figure 100). 
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Figure 98. Effect of exposure time on removal efficency of 0.3 mg/m^ NO2 
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Figure 99. Effect of exposure time on removal capacity per weight of 0.3 mg/m^ NO2 
Note: No significant difference among datasets (P<0.05, One-way ANOVA, n=3) 
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Figure 100. Effect of exposure time on removal capacity per volume of 0.3 mg/m^ NO2 
Note: Different italic letters after the value denote significant different means 
(P<0.05, One-way ANOVA, n=3) 
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M J — — P o s t Test Resu l t s A f t e r Var ious E x p o s e d TimP^ 
Post test results after exposure to 0.3 mg/m' NO2 for various periods of time are 
summarized in Figure 101-F igure 111. There was slightly effect of such level o f N O s 
(0.3 mg/w?) towards the plantlets Wedelia trilobata. All antioxidation enzymes (CAT, 
POX，SOD) were found to transitionally increase activities for some time. Therefore the 
damage to vegetation and the microbes in the substrate was transient, moderate and 
recoverable. Similar cases were observed in the photosynthetic pigment, phenolic 
contents and nitrite oxidase. 
Chlorophy l l A : Cilloi Opliyll A 
14 ^ No stat ist ical d i f ference • CllloiophvllB 
T T ―*^  Total Cliloiophy 11 
S 12 ； Ub 〜〜 ab . ab 
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« £ 10 b 
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''ab ab ^ ab . ab b 
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Exposed Time (hour) 
Figure 101. Effect of 0.3 mg/m^ NO2 exposure time on photosynthetic pigments content 
of plantlets 
Note: Different italic letters after the value denote significant different means 
(P<0.05, One-way ANOVA, Turkey's-b post hoc test, n=3) 
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Figure 102. Effect of 0.3 mg/m^ NO2 exposure time on phenolic content of plantlets 
Note: Different italic letters after the value denote significant different means 
(P<0.05, One-way ANOVA, Turkey's-b post hoc test, n=3) 
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Figure 103. Effect of 0.3 mg/m^ NO2 exposure time on protein content of plantlets 
Note: Different italic letters after the value denote significant different means 




I ""•""Leaf "••"Root I 3 冊 八 
l|：：： . / T \ 
b b 
0 50 100 150 
Exposed Time (lioiii ) 
Figure 104. Effect of 0.3 mg/m^ NO2 exposure time on specific CAT activity of 
plantlets Note: Different italic letters after the value denote significant different 
means (P<0.05, One-way ANOVA, Turkey's-b post hoc test, n=3) 
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Figure 105. Effect of 0.3 mg/m^ NO2 exposure time on CAT activity per unit weight of 
plantlets 
Note: Different italic letters after the value denote significant different means 
(P<0.05, One-way ANOVA, Turkey's-b post hoc test, n=3) 
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Figure 106. Effect of 0.3 mg/m^ NO2 exposure time on specific POX activity of 
plantlets 
Note: Different italic letters after the value denote significant different means 
(P<0.05，One-way ANOVA, Turkey's-b post hoc test, n=3) 
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Figure 107. Effect of 0.3 mg/m^ NO2 exposure time on specific POX activity of plantlets 
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Figure 108. Effect of 0.3 mg/m^ NO2 exposure time on specific SOD activity of 
plantlets 
Note: Different italic letters after the value denote significant different means 
(P<0.05, One-way ANOVA, Turkey's-b post hoc test, n=3) 
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Figure 109. Effect of 0.3 mg/m^ NO2 exposure time on SOD activity per unit weight of 
plantlets 
Note: Different italic letters after the value denote significant different means 
(P<0.05, One-way ANOVA, Turkey's-b post hoc test, n=3) 
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Figure 110. Effect of 0.3 mg/m^ NO2 exposure time on specific nitrite oxidase 
activity of plantlets 
Note: Different italic letters after the value denote significant different means 
(P<0.05, One-way ANOVA, Turkey's-b post hoc test, n=3) 
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Figure 111. Effect of 0.3 mg/m NO2 exposure time on nitrite oxidase activity per unit 
weight of plantlets 
Note: Different italic letters after the value denote significant different means 
(P<0.05, One-way ANOVA, Turkey's-b post hoc test，n=3) 
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^ — — M i c r o b i a l Count After Various Exposed Times 
In the microbial count of the formulated substrate, the population of both bacteria 
and fungi remained more or less the same in various exposed period sto NO2. Therefore 
acute exposure (7 days) of the bioremediation system under 0.3 mg/m] NO2 did not cause 
significant damage on the biotic components in the system (Figure 112 and 113). 
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Figure 112. Effect of 0.3 mg/m^ NO2 exposure time on bacteria count of plantlets 
Note: Different italic letters after the value denote significant different means 
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Figure 113. Effect of 0.3 mg/m^ NO2 exposure time on fungal count of plantlets 
Note: N o significant different in means (P<0.05, One-way ANOVA, Turkey's-b post 
hoc test, n=3) 
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^——Contribution of the Comnnnpnts of the Bioremediation System to Remove 
NOi 
A bioremediation system having seven plantlets on a 90 mm petri dish (60.8 cm^ 
exposed surface area, 1 cm thick substrate) was investigated (Table 45), Petri dish which 
was used as a container of the bioremediation system was found to be negligible in NO2 
removal. All key components of the bioremediation system including the plantlets, the 
substrate and the water content contribute to the removal of N O � . For this combination of 
bioremediation system, plantlets (seven) were found to be the major contributor to the 
removal (the highest in RC per weight too) with the substrate came second. 
Autoclaved substrate and freeze-dried substrate had similar RE as normal substrate. 
Therefore at 0.3 mg/w? NO2 exposure for 2 hours, microbial action and enzyme action 
were not significant contributors for removal. The water content inside the substrate was 
found to have moderate NO2 removal but when it was supplemented into the substrate, 
there was no significant increment of RE of dried substrate (from 64.6%±0.9% to 
58.3%±4.8%). Therefore the removal of NO2 in the substrate of the bioremediation 
system was independent on its water content. 
Another combination of bioremediation system having one plantlet on wire mesh 
(149.3 cm exposed surface area, 1 cm thick substrate) was investigated (Table 46). In 
this combination of system, similar to the previous one with 7 plantlets in a petri dish, all 
key components (plantlet, substrate and water) of the system contributed to the removal 
of NO2 but the extent was different. In this setup, substrate was being the largest 
contributer in the RE (82.4%). Due to in small portion, the planlet (one only) only had 
19.2% RE but its RC per weight still was the highest (similar value as that of 7 plantlets). 
Similar values were observed between "substrate only", "autoclaved substrate only" and 
"freeze-dried substrate only" in both RE and RC. This further confirmed that the physical 
178 
removal was dominant in the substrate in such level of NO2 concentration and exposure 
time. Wire mesh which was used as the container was found to be negligible in NO2 
removal. 
The above results were further confirmed after investigating the third combination of 
bioremediation system having one plantlet on wire mesh (104.6 cm' exposed surface area, 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.7 Benzene Removal Test 
2i2il Effect of Benzene Concentration on RF 
When exposing to various concentrations of benzene, the bioremediation system 
showed a stable removal in terms of RE which maintained between 30-35%. After 
reached 123 mg/m^ exposed benzene concentration and above, RE started to decline 
graduately to 13.7% and levelled off (Figure 114). 
In terms of RC (Figure 115 and Figure 116), both RC per weight and RC per volume 
showed a linear rise between 0.6 and 176.5 mg/ml The lines reached a maximum at 176 
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Figure 114. Effect of benzene exposure concentration on removal efficiency of the 
bioremediation system 
Note: Bioremediation system used was 1 cm thick 2.45X exposed surface area substrate (10.59 g dry 
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Figure 115. Effect of benzene exposure concentration on removal capacity per weight of 
the bioremediation system 
Note: Bioremediation system used was 1 cm thick 2.45X exposed surface area substrate (10.59 g dry 
weight, 149.3 cm^ exposed surface area) with 1 plantlet on mesh 
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Figure 116. Effect of benzene exposure concentration on removal capacity per volume of 
the bioremediation system 
Note: Bioremediation system used was 1 cm thick 2.45X exposed surface area substrate (10.59 g diy 
weight, 149.3 cm^ exposed surface area) with 1 plantlet on mesh 
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Photosynthetic pigments and phenolic contents of the plantlets after exposure to 
various benzene concentrations for 2 hours are summarized in Figure 117 and Figure 118. 
Both photosynthic pigment and phenolic contents were not affected by acute exposure to 
benzene at various concentrations. Therefore a 2 hours short term exposure to benzene 
showed insignificant damaging to the plant. 
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Figure 117. Effect of two hour benzene exposure concentrations on photosynthetic 
pigments contents of plantlets 
Note: Statistical no difference (one-way ANOVA, Tukey's-b post hoc test, p=0.05) compared to 
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Figure 118. Effect of two hour benzene exposure concentrations on phenolics 
contents of plantlets 
*• Sample having statistical difference (one-way ANOVA, Tukey's-b post hoc test, p二0.05) 
compared to control (0 mg/m^ benzene exposure); values in root were statistically not different 
3.7.2 Effect of Various Combinations in the Bioremediation System 
Results of RE and RC of various substrate thicknesses (Table 48)，various numbers of 
plantlets (Table 49)，various exposed surface areas (Table 50) in the bioremediation system 
are summarized. 
Due to larger relative standard deviation observed in the data, Pearson correlation 
analysis was included apart from one-way ANOVA in the analysis of benzene removal data to 
facilitate better discovery of correlation in the whole data sets. From the results in Table 48, 
there was not statistically difference in RE of various substrate thicknesses (0.5 cm, 1 cm and 
1.5 cm). Therefore the efficiency of removing benzene by the bioremediation system was not 
dependent on the substrate thickness. Due to maintaining the value of RE, the RC per weight 
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and per volume consistently decreased with increment of substrate thickness. The 
relationships were significant in both RC per weight (Pearson correlation coefficient = -0.836， 
p = 0.005) and RC per volume (Person correlation coefficient = -0.835，p = 0.005). 
Difference between individual values was significant between 1 cm and 0.5 cm thick 
substrate (One-way ANOVA). 
For the number of plantlet (Table 49)，there was consistent increase in RE when plantlet 
number increased which proved that increment in vegetation helps benzene removal (Person 
correlation coefficient = -0.741，p = 0.006). RE increased from 31.6 to 42.5% by increasing 
the plantlet number from 0 to 7. But the large variant between individual samples rendered 
insignificant difference between individual means. In terms of RC，although the value 
showed consistent increase in value when plantlet number increased, both their RCs per 
weight and RCs per volume were insignificant different in one-way ANOVA analysis and 
Pearson Correlation (p = 0.061 in RC per weight; p = 0.129 in RC per volume). 
For varying the exposed surface area of substrate by keeping the thickness constant (1 
cm thick) (Table 50), RE was found to be constantly increasing from 20.8% to 35.3% when 
the exposed surface area increased from 60.8 c m � ( I X exposed area of a 90 mm petri dish) to 
194.1 cm (3.19X exposed area of a 90 mm petri dish). Pearson correlation was found to be 
significantly positive (correlation coefficient = 0.882，p = 0.000). There was also significant 
difference when the exposed surface area increased from IX to 2.45X but further increment 
from 2.45X to 3.19X showed no significant difference in mean. In terms of RC，both RC per 
weight (Pearson correlation coefficient = -0.821, p = 0.001) and RC per volume (Pearson 
correlation coefficient = -0.817, 0.001) were found to be decreasing when the exposed 
surface area increased. Individual values were found to have significantly difference when 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.7.3 Effect of Temneratu re 
RE of benzene was found to be consistently increasing (18.0% to 41.8%) from 5°C to 
4 5 � C which was the temperature range in tropical and sub-tropical seashore regions (Figure 
119). At the same time，RC per weight (Figure 120) and RC per volume (Figure 121) were 
also found to be increasing with increasing temperature. The increment in this temperature 
range improved the benzene removal ability of the bioremediation system. The increment 
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Figure 119. Effect of temperature on removal efficiency of 3.2 mg /m� (1 ppm) benzene 
Note: Different italic letters after the value denote significant different means (P<0.05, One-way 
ANOVA, n=3); significant correlation found (Pearson correlation coefficient = 0.803, p = 0.000) 
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Figure 120. Effect of temperature on removal capacity per weight of 3.2 mg/m^ (1 ppm) 
benzene 
Note: Different italic letters after the value denote significant different means (P<0.05, One-way 
ANOVA, n=3); significant correlation found (Pearson correlation coefficient = 0.704, p = 0.003) 
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Figure 121. Effect of temperature on removal capacity per volume of 3.2 mg/m� (1 ppm) 
benzene 
Note: Different italic letters after the value denote significant different means (P<0.05, One-way ANOVA, 
n=3); significant correlation found (Pearson correlation coefficient = 0.704, p = 0.003) 
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3.7.4 Effect of Retention Time 
RE of benzene was found to be consistently decreasing with decreasing retention time 
(By increasing the air flow rate in the experimental chambers) (Figure 122). The RE became 
statistically lower after retention time lowered from 10 minutes to 5 minutes. Further 
decreasing the retention time showed no significant change in individual value by one-way 
ANOVA. 
Inverse trends were observed in RC per weight basis and RC per volume basis (Figure 
123 and 124) but these relationships were not significant in both one-way ANOVA analysis 
and Pearson correlation (p=0.053). 
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Figure 122. Effect of retention time on removal efficiency of 3.2 mg/m^ (1 ppm) benzene 
Note: Different italic letters after the value denote significant different means (P<0.05, One-way 
ANOVA, n=3); significant correlation found (Pearson correlation coefficient = 0.825, p = 0.000) 
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Figure 123. Effect of retention time on removal capacity per weight of 3.2 mg/m^ (1 ppm) 
benzene 
Note: Different italic letters after the value denote significant different means (P<0.05, One-way 
ANOVA, n=3); insignificant correlation found (Pearson correlation coefficient = -0.508, p =0.053) 
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Figure 124. Effect of retention time on removal capacity per volume of 3.2 mg/m^ (1 ppm) 
benzene 
Note: Different italic letters after the value denote significant different means (P<0.05, One-way 
ANOVA, n=3); insignificant correlation found (Pearson correlation coefficient = -0.508, p =0.053) 
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3.7.5 Effect of Exposed Time 
Effect of exposed time of the bioremediation system on RE and RC was studied and 
summarized into Figure 125, Figure 126 and Figure 127. 
Removal efficiency was stably increasing throughout the studied period with increasing 
exposed time. But in one-way ANOVA analysis, there was no difference compared to the first 
hour until the sixth day (144 hours) (Figure 125). 
Similar trends were observed in the RC per weight (Figure 126) and RC per volume 
(Figure 127). Both RC increased stably when the exposed time increased. Pearson correlation 
showed that the relationship was significant in both RE and RCs with exposed time. 
1 0 0 「 
90 -
8 0 - y = 0.1334x+33.181 
^^ R2 = 0.8805 
7 0 _ 本 本 
^ 60 - 丁 T ： . 
2 0 -
10 -
0 ‘ ‘ ‘ 
0 50 100 150 
Exposed! ime (hour) 
Figure 125. Effect of exposed time on removal efficiency of 3.2 mg/m? (1 ppm) benzene 
•： Significant difference in means compared to RE at hour 1 (p<0.05. One-way ANOVA, n=3) 
A： significant correlation found (Pearson correlation coefficient = 0.808，p =0.000) 
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Figure 126. Ef fec t o f e x p o s e d t ime o n removal capacity per weight o f 3 .2 mg/m^ (1 ppm) 
benzene 
*: Significant difference in means compared to RC at hour 1 (p<0.05, One-way ANOVA, n=3) 
八：significant correlation found (Pearson correlation coefficient = 0.699, p =0.000) 
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Figure 127. Effect o f exposed t ime on removal capacity per vo lume o f 3 .2 mg/m�（1 ppm) 
benzene 
*: Significant difference in means compared to RC at hour 1 (p<0.05, One-way ANOVA, n=3) 
八：significant correlation found (Pearson correlation coefficient = 0.698, p =0.000) 
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The post test results obtained after exposure to 3.2 mg/m^ benzene for 7 days in 
comparison to the non-exposed samples are summarized in Table 51 and Table 52. 
In terms of photosynthetic pigments (Table 51)，plantlets exposed to 3.2 mg/m^ benzene 
for 7 days showed significant lower chlorophyll A content than control but in terms of 
chlorophyll B, total chlorophyll and carotenoid contents, the difference was not significant. 
Similarly, the phenolic contents and protein contents of the plantlets were insensitive to the 
benzene exposure. Therefore sub-chronic exposure for 7 days did not induce drastic damage 
on the plant tissues in the antioxidative system and photosynthetic system. But in terms of 
catechol oxidase, enzyme activity was found to increase after 7 days exposure to 3.2 mg/m^ 
benzene. Similarly, catechol 1,2-dioxygenase of both the leaf and root and catechol 
2,3-dioxygenase of the substrate of the bioremediation system showed up-regulation (Table 
51). 
For the microbial counts (Table 52), both the bacterial count and fungal count were 



















































































































































































































































































































































































































































































































































































































































































































^ ^ Contribution of ComnniiPnts of the Bioremediation System to Remove 
Benzene 
Various components in the bioremediation system were analyzed separately to 
investigate which parts of the system contribute to the removal of benzene. Bioremediation 
system having four plantlets with 2.45X substrate (149.3 cm^ exposed surface area, 1 cm 
thick substrate) on wire mesh was investigated (Table 53). 
Wire mesh which was used as the container of the bioremediation system was found to 
be negligible in benzene removal. All key components of the bioremediation contributed to 
the removal of benzene except the water content which only contributed 3.0±3.6% removal. 
Substrate was found to be the major contributor to the removal efficiency (31.6% 
compared to 9.0% by 4 plantlets) although in terms ofRC, plantlets were found to be much 
higher in value due to its light weight. Fresh substrate was found to have significantly higher 
RE and RC than autoclaved substrate and freeze-dried substrate. There was no significant 
























































































































































































































































































































































































































































































































































































































































































































































3.7.7 Optimization of the Benzene Removal of the Bioremediation System 
Under the conditions of the same amount of the substrate and the same number of 
plantlets，increasing the substrate surface area (by reducing the substrate thickness by half) 
and pre-exposure of the substrate to benzene solution (called artificially induced system) 
improved REs (Table 54). The best RE performance was obtained with the artificially 
benzene spiked samples (2.45X) bearing 4 plantlets which had 73.5% in RE. 22.00 g ground 
substrate in a soup bag came second and had 66.4% in RE. 
For artificially induced system with 2.45X substrate bearing 4 plantlets, post tests 
including photosynthetic pigments, phenolic contents, protein amounts and catechol oxidase 
activities were done and summarized in Table 55. 
There was statistically insignificant change in all photosynthetic pigments of artificially 
induced system either exposed to 3.2 mg/w? benzene for 2 hours or not. Similar results were 
observed in the phenolic contents and protein contents of the leaf except protein content in 
the substrate of 2-hr exposed spiked samples. Phenolic contents of root portion in the two 
batches of spiked samples (i.e. 2-hr exposed and non-exposed to benzene gas) were found to 
be lower than control. Therefore artificial benzene spiking on the substrate showed influence 
on phenolic content in the root of the plantlets. Similarly, catechol 2,3-dioxygenase activity 
was found to increase in substrate of spiked samples (and also the leaf enzyme of 
non-exposed spiked sample). Catechol 1,2-dioxygenase activity was found to increase in 
leaves of both spiked samples of 2-hr exposed and non-exposed to benzene gas. 
Residual benzene inside the substrate after artificially benzene spiking was tested. Both 
spiked samples of non-exposed and 2 hour benzene gas exposed did not bear residual 
benzene in the substrate (detection limit was around 2 mg/kg substrate by GC-MS). 
Therefore artificially spiking of benzene to induce biological degradation in tested benzene 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































^——Comparison to Photocatalytip Paint Coating- Physical Sorbents and Other 
Planting Media 
Three physical sorbents (Silica gel, molecular sieve and granular activated carbon), three 
planting media (Soil-OM, Soil-MC and Soil-GM) and bioremediation system were compared 
for their RE and RC under high concentration of benzene (94 mg/m; or 29 ppm) and 
industrial hazardous level of benzene (3.2 mg/m� or 1 ppm). Commerical photocatalytic paint 
coatings with and without UVC light source were included also for comparison. The surface 
area was standardized for 60.8 cm^ and 1 cm thick (thus same volume, except PCO paint 
coatings). Results of high concentration of benzene (94 mg/m]) are summarized into Table 56 
and results of industrial hazardous concentration (3.2 mg/m�) are summarized into Table 57. 
For high concentration of benzene (94 mg/m^), only the three physical sorbents removed 
sufficient amounts of benzene at over 70%. The photocatalytic paint coatings and the 
bioremediation system only yielded a bit higher than 20% in RE. Other soil systems 
(Soil-OM, Soil-MC and Soil-GM) even performed poorer and only around 10% benzene was 
removed in a 10 minutes pass. Due to the light weight of PCO paint, although having poor 
RE, it had the highest RC per weight. GAC came second in RC per weight and was the 
highest in RC per volume. Therefore at high concentration of benzene, GAC which is the 
usual industrial removal method of benzene performed the best. 
For industrial hazardous level of benzene (3.2 mg/m )，similar ranking in removal 
efficiency was observed as high level of benzene tested (94 mg/m^). The three physical 
sorbents still had the highest RE over others. The bioremediation system and PCO paint came 
as the fourth and had around 26% RE. Therefore normal form of the bioremediation system 
was found to have limitation in benzene removal. 
On the other hand, by inducing the biological activities in the bioremediation system 
artificially and increasing the exposed surface area, the removal efficiency could dramatically 
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increase to 73.5%. The resulted RE was not statistically different from GAC and the other 
two physical sorbents in 3.2 mg/m^ benzene concentration (Independent-Samples T-test, n = 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.8 Removal Test for Other Air Pollutants 
Other than benzene and nitrogen dioxide, three organic air pollutants and two inorganic 
air pollutants were studied to investigate the performance of the bioremediation system. 
These included toluene, xylene, formaldehyde, sulphur dioxide (SO2) and ammonia (NH3). 
The results are summarized in Table 58. 
In general, highly water soluble compounds showed much higher RE including NO2, 
SO2，ammonia and formaldehyde. Solubility together with vapour pressure of these 
compounds are listed in Table 59. All these compounds tested were removed for more than 
9O0/0 in a 10 minutes retention. Those compounds which were only slightly soluble showed 
much lower removal including benzene, toluene and xylene. Removal efficiency by such 
minisetup of bioremediation system (one plantlet, 104.6 cm^ exposed surface area on wire 
mesh) was approximately 20%. 
Table 58. A comparison of removal efficiency and removal capacity of various air pollutants 
by the bioremediation system (one plantlet, 1.72X substrate on wire mesh#) 
Exposed RE (%) RC per weight RC per volume 
Concentration (mg/m” …g / g matrix / h r ) … g / cm^ matrix / hr) 
NO2 0.3 91.9 士4.3 0.42士0.02 0.072土 0.004 
S02 0.4 92.1 士 5.3 0.71 士0.04 0.124土 0.007 
NH3 2.7 94.4士2.3 4.44土0.11 0.790±0.019 
Formaldehyde 40.2 90.7士5.5 62.7土 3.9 11.0±0.7 
Benzene 2.9 24.7土 4.5 1.52±0.28 0.263土 0.048 
Toluene 18.2 18.3 土 1.9 5.71 土 0.60 1.01 士 0.10 
Xylene 4.0 24.8土 4.7 1.69 土0.32 0.297土 0.056 
one plantlet (5cm tall) on wire mesh, 104.6 cm^ exposed surface area (1.72X of 90 mm petri dish), 1 cm thick 
substrate 
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Table 59. Vapor pressures and water solubilities of BTEX, formaldehyde and other inorganic 
pollutants tested 
Vapor pressure at 2 0 � C Water solubility at 2 0 � C Reference 
(atm) (g/L) 
Benzene T 2 5 x l 0 - ^ " T ^ Namkoong 以以/.，2003 
Toluene "3.75x10-^ " o ^ Namkoong wa/•，2003 
Ethylbenzene 1.25x10-^ Namkoong w d，2003 
Xylene 1.09-1.ISxlO'' 0.159-0.220 Namkoong et al； 2003 
NO2 9.47x10-1 Highly soluble, but ATSDR, 2010c 
reacts with water to 
form a mixture of nitric 
and nitrous acids. 
SO2 3 . 3 4 x 1 0 � ( a t 2 1 . 1 � C ) I B ATSDR, 2010d 
NH3 >7.90x1 oo ATSDR，2010a 
Formaldehyde 5.11x10® 550 ATSDR, 2010b 
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3.9 Field Study I 
3.9.1 Environmental Parameters 
Air temperature, relative humidity and wind speed were monitored in the survey in 
Field Study I. These data are shown in Figure 128 to Figure 130. 
On average, air temperature was 24.2±6.0®C in treatment site and 24.9±5.8°C in control 
site while relative humidity was 58士20% in treatment site and 59±20% in control site. Air 
temperature and relative humidity were not statistically different between two sites (Two-way 
ANOVA，p>0.05). The average wind speed throughout the sampling period was 0.8土0.8 ms"^  
and 1.5土0.8 ms"^  respectively for treatment and control sites. Excluding the data of Mar 11, 
wind speed were statistically lowered in the treatment site (Two-way ANOVA, n = 68, 
p=0.000). 
35.0 
: A 卜 
I 20.0 \ / 
t 15.0 ^ 
Ck 
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5.0 Control Site 
� : " v x z , / / y y 
Figure 128. The recorded air temperature in the treatment site and the control site in the 
first field study 
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Figure 129. The recorded relative humidity in the treatment site and the control site in the 
first field study 
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Sound level in terms o fLeq and L.o in Field Study I is shown in Figure 131. Noise 
difference between the treatment site and control site was calculated and shown in Figure 
132. Mar 18,2010 was the date for installation of the bioremdiation system and there was 
no treatment system on Mar 11,2010. 
From the results, both Leq and L,o in the treatment site were consistently lower than 
the control site except in Apr 30 morning dataset which was obtained when a grabber was 
in operation behind the treatment site but not the control site. On average (excluding data 
of Mar 11)，sound reduction in terms of Leq and L,o was 2.8土2.1 dB(A) and 3.2±2.9 
dB(A) respectively. Excluding the data of Mar 11, Leq (30 min) and L,o were statistically 
lowered in the treatment site (Independent samples t-test, n = 10，p = 0.003 and 0.002 
respectively). 
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Figure 131. The calculated Leq and Lio of noise recorded in the treatment site and the 
control site in the first field study 212 
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Figure 132. The noise reduction effect of the bioremediation system in the first field 
study 
3.9.3 Removal versus Distance 
NO2 and VOC concentrations were measured in various distances apart from the 
road edge (0 m, 1 m and 5 m) in the afternoon on Apr 30，2010. 
NO2 concentration (Figure 133) and benzene concentration (Figure 134) in the three 
distances studied were consistently lower in the treatment site. Toluene concentration 
recorded (Figure 135) showed lower value in treatment site compared to the control site at 0 
m and 5 m apart from road edge but not at 1 m away. In terms of RE (Figure 136), better NO2 
RE was achieved at 1 m than 5 m but removal of benzene showed best at 5 m apart and 
removal of toluene showed the best in 0 m. 
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Figure 133. The NO2 concentrations measured at different distance further from the road in 
the first field study 
Note: Measurements were done on Apr 30，2010 PM 
70 1 
60 - • Treatment 
\ 50 - • •Control • 
•I"- I I 
il il 
Om Im 5m 
Figure 134. The benzene concentrations measured at different distance further from the road 
in the first field study 
Note: Measurements were done on Apr 30,2010 PM 
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Figure 135. The toluene concentrations measured at different distance further from the road 
in the first field study 
Note: Measurements were done on Apr 30, 2010 PM 
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Figure 136. The effect of distance further from the road on the pollutant removal in the first 
field study 
Note: Measurements were done on Apr 30，2010 PM 
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3.9.4 Barrier Effect by rflnva« 
In the afternoon on Apr 30 in Field Study I, sheets of canvas replaced the treatment 
bioremediation panels and were mounted on the same site. NO2 and sound level were 
measured in 1 m apart from the road edge and the results are presented in Table 60. 
The canvas sheet did not reduce sound level, but lowered NO2 concentration, retained 
higher relative humidity, intensified the wind speed especially the maximum values. 
Table 60. Effect of the canvas site on the environmental quality in the first field study 
Canvas Site Control Site 
Sound Level - Leg (dB(A)) 70.5 ^ 
Sound Level - Lip (dB(A)) 75.6 ^ 
NO2 Concentration (|ig/m3) 914 1066 
Air Temperature ( � C ) 23 22.3 
Relative Humidity (%) 63 ^ 
Wind Speed -Average (ms"') 1.9 1.2 
Wind Speed -Max (ms'') 4.4 ^ 
Wind Speed - Min (ms」） 0.8 K? 
3.9.5 NO^ Concentration 
NO2 concentration in Field Study I is shown in Figure 137. Concentration difference 
in terms of RE between the treatment site and control site was calculated and shown in 
Figure 138. RE of positive value indicates there was lower NO2 concentration in the 
treatment site. Average RE by the bioremediation system in the treatment site (excluded 
data of Mar 11) was 8.5±25.7%. 
April 22 was a heavily rainy day with traffic jam, and traffic jam was also 
encountered on April 10. On April 15 and April 30 morning, there was a grabber driven 
by combustion of diesel in operation near the treatment site. 
216 
800 
700 "^T^eatmcnt Site 
I 200 ^ I S S ^ ^ V ^ 
100 
0 
/ / / / y 
Figure 137. The measured NO2 concentrations in treatment site and control site in the 
first field study 
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Figure 138. The NO2 removal efficiency by the bioremediation system detected in the 
first field study 
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3.9.6 V O C ConcentriiHnn 
Benzene and toluene concentrations in Field Study I are shown in Figure 139 and 
Figure 140. Concentration difference in terms of RE between the treatment site and 
control site was calculated and shown in Figure 141. RE of positive value indicates there 
was lower benzne/toluene concentration in the treatment site. Average RE by the 
bioremediation system in the treatment site (excluded data of Mar 11) was 26.4±37.6% 
and 8.4土32.3% respectively for benzene and toluene, respectively. 
70 
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Figure 139. The measured benzene concentrations in treatment site and control site in the 
first field study 
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Figure 140. The measured toluene concentrations in treatment site and control site in the 
first field study 
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Figure 141. The VOC removal efficiency by the bioremediation system detected in the 
first field study 
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3.10 Field Study II 
3.10.1 Environmental Parameters 
Air temperature, relative humidity, light intensity and wind speed were monitored in 
the survey in Field Study 11. These data are shown in Figure 142 to Figure 145. Jun 10 
was a rainy day. 
On average, air temperature was 29.4±3.2°C in treatment site and 29.6±2.9"C in control 
site while relative humidity was 69±18% in both treatment site and control site. The average 
wind speed throughout the sampling period was 0.3土0.5 ms"' and 0.4士0.5 ms"^  for treatment 
and control sites, respectively. There was statistically no difference in air temperature, 
relative humidity and wind speed in the two sites (two-way ANOVA, p > 0.05). 
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Figure 142. The recorded air temperature in the treatment site and the control site in the 
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Figure 143. The recorded relative humidity in the treatment site and the control site in the 
second field study 
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Figure 144. The recorded light intensity in the treatment site and the control site in the 
second field study 
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Figure 145. The recorded wind speed in the treatment site and the control site in the 
second field study 
3.10.2 Noise 
Sound level in terms of Leq and Lio in Field Study II is shown in Figure 146. Noise 
difference between the treatment site and control site was calculated and shown in Figure 
147. Jun 3, 2010 was the date for installation of the bioremdiation system and there was 
no treatment system on May 3,2010. 
From the results, both Leq and Lio in the treatment site were consistently lower than 
the control site except on May 3 before the installation of the bioremediation system. On 
average (exclude data of May 3 which showed 0.6 dB(A) Leq and 0.4 dB(A) Lio higher in 
treatment site), sound reduction in terms of Leq and Lio were 1.2±0.7 dB(A) and 2.4±1.6 
dB(A) respectively. Both Leq (30min) and Lio were statistically lowered in the treatment 
site (Independent samples T-test, n = 10, p = 0.018 and 0.006 respectively). 
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Figure 146. The calculated Leq and Lio of noise recorded in the treatment site and the 
control site in the second field study 
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NO2 concentration in Field Study II is shown in Figure 148. Concentration 
difference in terms of RE between the treatment site and control site was calculated and 
shown in Figure 149. RE of positive value indicates that there was lower NO2 
concentration in the treatment site. Average RE by the bioremediation system in the 
treatment site was 17.5士 15.8%. It should be noted that it was heavily rained in the 
afternoons on Jim 9 and Jun 10. 
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Figure 148. The measured NO2 concentrations in treatment site and control site in the 
second field study 
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Figure 149. The NO2 removal efficiency by the bioremediation system detected in the 
second field study 
3.10.4 VOC Concentration 
Benzene and toluene concentrations in Field Study II are shown in Figure 150 and 
Figure 151. Concentration difference in terms of RE between the treatment site and 
control site was calculated and shown in Figure 152. RE of positive value indicates there 
was lower benzene/toluene concentration in the treatment site. Average REs by the 
bioremediation system in the treatment site was 20.1 士 19.3% and 24.7士23.1% for benzene 
and toluene respectively. 
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Figure 150. The measured benzene concentrations in treatment site and control site in the 
second field study 
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Figure 151. The measured toluene concentrations in treatment site and control site in the 
second field study 
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4.1 Formulation of a Plant-growing Substrate 
The optimum SMC amount was 25% in the plant-growing substrate (Table 16). The 
calculated porosity from bulk density and particle density also suggested 25% SMC 
having the lowest porosity. Higher porosity means more empty space which can be used 
to store water or air. 
The properties of retaining more water and bearing higher gravimetric water content 
suggest lowering of watering frequency of the substrate without creating drought 
conditions on the plants grown on it. At nearly 25% SMC, water retention reached 
maximum. 
In Chapter 3.1.2.2, there was no significant difference on water desorption speed on 
0% to 1% SAP. This suggests dosing of SAP only provided additional storage of water 
(higher WHC, shown in Table 19) and would not reduce water loss. 10% rice hull had 
better water retention than other ratios between 0% and 20%. 
The formulated substrate bore the large grain-like rice hull and SMC sticking with 
fibers of paper mulch (Figure 153). SEM shows that the formulated substrate was fibrous 
and fungal mycelium was found growing on fibers of paper mulch and spent mushroom 
compost aggregating the substrate into a mat-like structure (Figure 154). 
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Figure 153. The morphology of the formulated substrate 
國 
Figure 154. A SEM micrograph of the formulated substrate 
On one hand, the formulated substrate was rich in macro-nutrients and 
micro-nutrients for growing plants. On the other hand, detection for inorganic pollutants 
and organic pollutants and determination of phytotoxicity if any were carried out. Both 
organic and inorganic contaminants were found below the environmental safety levels. 
Phytotoxicity was measured using seed germination and elongation tests. The overall 
effect of a substrate on seed growth is complex and depends on both the seed germination 
inhibitors (e.g. salinity and presence of harmful chemicals) and promoting factors (e.g. 
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nutrients and texture). Germination index which is the simple multiple of germination 
rate and root elongation was used to sum up both effects for simple comparison. It 
expresses the relative overall tissue growth in each sample and is directly related to the 
overall plant biomass generated in each samples. Three species of seeds from three 
different families were chosen to determine any growth inhibition by the formulated 
substrate: two dicotyledons Vigna radiata (Family: Fabaceae) and Brassica juncea 
(Family: Brassicaceae) together with one monocotyledon Triticum aestivum (Family: 
Poaceae). 
From the result, Brassica juncea was found to be more sensitive while Triticum 
aestivum was the least sensitive in terms of seed germination (Figure 49，Figure 52 and 
Figure 55). In contrary, three species showed similar response in terms of relative tissue 
length (Figure 50, Figure 53 and Figure 56). The formulated substrate showed negligible 
phytotoxicity towards the three plants. 
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4.2 Temperature Stabilization 
The bioremediation system inside the enclosed chambers for pollutant removal 
experiments occupied small volumes (less than 1.5% in volume) (Table 61). Integrating 
plantlet(s) into formulated substrate as a whole system increased the temperature 
stabilization effect. The effect was consistent in the systems having dishes of one, two 
and four. As plantlets used ranging from one to seven did not affect the weight of 
bioremediation system and nor the volume of system to great extent, their presence 
reduced 0 . 3 � 0 . 6 � � i n the maximum temperature and increased 0 .2�0 .5�C in the minimum 
temperature compared to substrate only (Table 38). 
Plant is water rich and therefore is high in specific heat capacity. But the light 
weight of plantlets used (1.7 g fresh weight per plantlet; c.f. substrate: 63.01 g fresh 
weight) renders insufficient accounting of temperature buffering effect by heat capacity. 
Plantlets may help the temperature stabilizing by its evapotranspiration which carries heat 
away by latent heat of evaporation. The extensive leaf system may also increase the 
exposure area of water to the surrounding air and helps exchange of heat. The total leaf 
area of one 10 cm plantlet was estimated to be 20.5士4.3 cm��With four plantlets, the total 
leaf area was 82.0 cm per dish (substrate on dish was 60.8 cm ). Surface area per unit 
weight in plantlets was hence much higher than that of substrate and might be one of the 
major factors of significant temperature buffering effect of plantlets. Kumar and Kaushik 
(2005) also suggested that increment in leaf area per unit area will increase the 
temperature buffering effect of a green roof or in indoor environment. Increasing the 
density of plants to reduce surrounding temperature is therefore possible and the effect is 
greater than increasing the substrate amount. The efficiency of heat exchanging therefore 
was effective regardless of the small weight of a plantlet. 
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Table 61. The volume of bioremediation system inside the enclosed chamber 
One dish Two dishes Three dishes 
Substrate Only 60.8 cm^ 121.6 cm^ 182.5 cm^ 
(0.40%) (0.81%) (1.22%) 
Substrate with 10 cm 62.6 cm^ 125.2 cm^ 187.8 cm^ 
pi 肌tlet (0.42%) (0.83%) (1.25%) 
Substrate with 5 cm 65.1 cm^ 130.2 cm^ 195.3 cm^ 
— l e t s (0.43%) (0.87O/O) ( H / o ) 
Note: 
Volume of Enclosed Chamber = 15L= 15000 cm^ 
1cm thick, 10.59 g dry weight substrate = 60.8 cm^ (0.405%) 
One 10 cm plantlet = 1.8士0.2 cm^ (0.012%), calculated using measured density of plantlets 
Four 5 cm plantlets = 4.3士 1.3 cm^ (0.029%), calculated using measured density of plantlets 
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4.3 Dynamic Flow Through System in Pollutant Removal Experiment 
There are two types of exposure systems for gas type experiments: static closed chamber 
and dynamic flow through system (Wang et al； 1997). Both types are commonly utilized in 
exposure experiments in phytofiltration of air pollutants or studies of air flux between 
vegetation/soil and the surrounding environment (Aneja et al.’ 2006). 
A static chamber has the advantage of simple and easier to setup. Due to commonly 
larger in size (as to increase the amount of gas volume for acceptable sensitivity), 
concentration gradients or stagnant air may be occurred in static chambers. Influence of 
samples on climatic variables is also easily occurred in static chamber which has relatively 
longer exposure time required to get the required measurement sensitivity (Jensen et al., 
1996). 
In dynamic flow through chamber which has continuous input of gas, it is easier to 
minimize the concentration gradient or reduce stagnant air. A flow through system can also 
enable a shorter and easier control of retention time of gas inside the chamber and allows 
shorter period of sampling (and hence higher frequency of sampling) in order to have enough 
measurement sensitivity in chamber having the same volume. Thus the adsorption of gas 
towards the walls of chamber can be reduced and various effects on microclimate inside the 
chamber due to the presence of samples can also be minimized (e.g. increasing air humidity 
by samples). In addition, pollutants are not generated by once in actual environment but 
usually continuously emitted out especially in roadside. Therefore the dynamic system is 
representative because the pollutants are continuously supplied (once only in static chamber). 
Therefore after considering the above factors dynamic flow through system was chosen in 
this study. 
In this study, the polluted gas in the flow through system was generated by the splitting 
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of gas flow from the same gas generator. It is a common practice which enables the pollutant 
concentration to be identical in different chambers. 
The flow through system used in this study had retention of 10 minutes when air flow 
rate was kept as 0.2 LPM. As the height and width of the chamber is 200 mm and 167 mm 
respectively, the air movement speed inside the chamber was approximately 4.34x10"^ ms'' 
(=("2002 +1672 / 1000)/(10x 60)) which was an no wind and diffusive environment. If a 
gas pollutant passed through a region having similar amount of bioremediation system inside 
the chamber for 10 minutes, the system would achieve similar effect of removal obtained 
from the experiment. The estimated volumes of the bioremediation systems are shown in 
Table 62. For example, in a roadside environment suffered from severe street canyon effect, it 
may have average wind speed of 0.005 ms"^ In order to achieve similar effect of pollutant 
removal in the laboratory studies, a bioremediation system will be approximately 3 m height 
(equivalent to 10 minutes retention time) if the wind direction is pointing upward. 
Table 62. The estimated volumes occupied by various forms of the bioremediation system 
Estimated Volume Estimated Occupied 
(cm^) Volume in chamber (%) 
194.1 cm2，1 cm thick substrate 79.0 3.95 
149.3 cm2，1 cm thick substrate 60.8 3.04 
104.6 cm ,^ 1 cm thick substrate 39.7 1.98 
60.8 cm2，1 cm thick substrate 22.1 1.10 
1 plantlet 0.8& [62.8@] 0.04 [3.14] 
4 plantlets 3.4& [251.2@] 0.17 [12.56] 
7 plantlets 5.9& [304#] 0.30 [15.20] 
149.3 cm2，1 cm thick substrate with 7 plantlets 66.1& [364.8"] 3.34 [18.24] 
149.3 cm2，1 cm thick substrate with 4 plantlets 64.2& [312.0@] 3.21 [15.60] 
104.6 cm2，1 cm thick substrate with 1 plantlet 40.5& [ 102.5@] 2.02 [5.12] 
Note: Volume of Chamber: 2L = 2000 cm' 
Value in basket [ ] is bulk volume including unused space under the plantlets leaves, 
calculated using measured density of plantlets 
calculated by assuming each plantlet occupied a circular space of 4cm diameter and 5cm height 
*: calculated by assuming the seven plantlets occupied in total a circular space of 8.8cm diameter and 5cm height 
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Retention time can also be used to evaluate the similarity of the chamber study results 
and the field environment. The retention time of a polluted gas in a street canyon can be 
computed using wind tunnel experiment and computer models. Yim et al (2009) using the 
topographical data of Tsim Sha Tsui，Hong Kong to predict that air ventilation impacts by 
wall effect of high-rise building. For a building environment having height of 20 m (typical 
height of low rise building in HK)，the retention time of pollutants inside the street canyon 
was 3.5 minutes. At surrounding building height of 80 m, the retention time was predicted to 
be 4.4 minutes (wind angle at 22.5°) or 5.8 minutes (wind angle at 0�) . 
If expressed in air change rate which is a common assessment value for ventilation 
requirement in air conditioning indoor environments, the air change rate inside the chamber 
was 6 h'l (six air changes per hour). The rate of 3 air changes per hour (equivalent to 20 min 
retention time) is normally imposed inside public transport interchange in Hong Kong (Lin et 
fl/.，2008). Recommended air changes rates by ASHRAE Standard for air ventilation in some 
other environments is listed in Table 63. 
Table 63. The recommended air change rates by ASHRAE Standard 62 (2001) 
Air change rates per hour Retention Time (min) 
Offices 4 -6 10-15 
Dinning hall, restaurants 10-15 4-6 
Car park 6 - 10 6-10 
Libraries, museums and galleries 3 - 4 15-20 
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Although it is not possible to have the whole indoor environment to have the volume 
percentage of bioremediation system similar to those in my laboratory studies, but it is 
possible to have reduced amount of bioremediation system with lower air change rate. 
Common ventilation in an air-conditioning room may not achieve air change rate higher than 
1 (Chao et a l , 1997). In a room having 1 h"^  (equivalent to 60 min retention time), 
approximately one-sixth of the volume ratio of bioremediation system of laboratory studies is 
required for the similar effect. Air change rate of 0.5 h'' (equivalent to 120 min retention time) 
is considered to be sufficient in a normal room, making a volume ratio of one-twelfth the 
present optimized bioremediation system to the air-conditioned room feasible (Chao et al., 
1997). 
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4.4 NOz Removal Test 
4.4.1 Limitinpr Factors of NO, Removal 
In the effect of exposed NO2 concentrations, RE decreased when NO2 concentration 
increased. The decreasing rate slowed down and was stable at high NO2 concentration with 
RE maintained over 60%. From Figure 81 and Figure 82，the RC curve was linear which 
indicates the removal of NO2 by the bioremediation system is a first order reaction. There 
was no leveling off at high level of exposed NO2 concentration. Therefore the absorption 
surface of bioremediation was not saturated even in high level of NO2 - 72.9 mg/m^ for 2 
hours. The bioremediation system can maintain its degradation in such environment. 
The removal of air pollutants is governed by two factors: (1) the partition coefficient 
between air and absorption surfaces of leaves and substrate; (2) degradation rate of absorbed 
pollutants in absorption surfaces. Although removal rate of NO2 by the bioremediation 
system did not level off at high NO2 concentration which indicates that the system can absorb 
and probably degrade additional NO2 at high NO2 concentration. The removal rate of NO2 at 
low or moderate NO2 concentration was not 100%. With a low occupancy volume of the 
bioremediation system which is passive for removal of air pollutants, the limiting factor of 
the bioremediation system for NO2 abatement is the partition coefficient between air and 
absorption surfaces of leaves and substrate but not the degradation rate of absorbed NO2 
species. Similarly, decreasing retention time can lead to slowly decreasing RE (Figure 95) 
with nearly linearly increasing RC curve (Figure 96 and Figure 97). This further supports the 
statement that NO2 removal rate by the bioremediation system is mainly governed by 
partition coefficient rather than degradation. Similar case was observed in exposing the 
system to NO2 for longer period of time (7 days at 0.3 mg/m^) (Section 3.6.6). NO2 removal 
rate maintained constant without changing much on both the RE and RC. Such is probably 
due to the limit of partitioning between air and absorption surface which is constant in 
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unchanged physical conditions. 
As the NO2 degradation was not the limiting factor, increasing NO2 removal can only be 
achieved by increasing the partition of NO2 towards the surfaces of bioremediation system. 
This can be achieved by simply increasing the absorption surfaces or by shifting the partition 
coefficient. Results showed that increasing the surface area of substrate (Table 41 and 42) and 
number of plantlets (Table 40) could effectively increase the amount of NO2 removal inside 
the chambers, even by simply exposing more surface (2.45 times exposed surface area) by 
removing the petri dish using the same amount of materials (RE increased from 72.4 to 
91.8%; RC per weight increased from 0.18 to 0.29 pg / g matrix / hr; RC per volume 
increased from 0.031 to 0.050 ^g / cm^ matrix / hr). 
The partition may shift to the absorption surface by increasing temperature. Temperature 
was found to be positively correlated with RE (Figure 92) probably by increasing the rate of 
NO2 particles in contact with the absorption surface. Higher temperature would lead to faster 
movement of molecules and higher chance of NO2 particles met with the molecules in the 
absorption surface which resulted in being absorbed. Due to moderate effect of temperature 
toward RE of NO2 and acceptable RE from 5®C to 45°C (over 80%, from Figure 92)， 
temperature can be allowed to fluctuate naturally and the RE still remains acceptable. 
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4.4.2 Adsorption Isotherm 
The experimental data obtained were correlated with two monolayer adsorption 
isotherms: Langmuir model and Freundlich model. The Langmuir model is the simplest and 
most useful isotherm for both physical and chemical adsorption. It is written as: (From 
Benmaamar and Bengueddach, 2007) 
q/qs=bp/(l+bp) 
where q is the adsorbed quantity (mole / kg); p is the pressure of adsorbate in the bulk gas 
phase (pa); qs is the saturation limit (mole / kg); b is the Langmuir constant which is 
dependence on temperature (decrease with increase of temperature). 
By rephrasing the equation, the Langmuir model becomes (q/p) = (-b)(q)+qsb which has 
a linear relationship between "q/p" and "q". The experimental data was used to plot a 
Langmuir isotherm plot in Figure 155. 
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Figure 155. Isotherm plot of NO2 removal dataset into the Langmuir model 
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The Freundlich isotherm is another common empirical expression used to describe 
adsorption isotherm and is represented as: (From Benmaamar and Bengueddach, 2007) 
q = Kp"n 
where k and n are empirical constants. 
By rephrasing the equation, the Freundlich model becomes (log q) = (l/n)(log p) + log k 
which has a linear relationship between “log q" and "log p". The experimental data was used 
to plot a Freundlich isotherm plot in Figure 156. 
log p 
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0 
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Figure 156. Isotherm plot of NO2 removal dataset into the Freundlich model 
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From the plots, the Langmuir model (R^ = 0.7633，deviation = 4.2士3.1%) was not good 
for description of NO2 adsorption on the bioremediation system. Instead, good agreement (R^ 
=0.9996，deviation = 3.3±1.8%) between experimental isotherm and Freundlich model was 
observed. Therefore from the assumptions of the two adsorption models tested，the 
bioremediation system had a heterogeneous monolayer absorption surface composed of 
different classes of adsorption sites instead of having all surfaces with equal affinities for 
adsorbate (Visvanathan, 1998). 
4.4.3 Contribution of NO，Removal by Various Components 
From the results in session 3.6.7，both formulated substrate and plantlets were found to 
be contributors to the NO2 removal. With different combinations of bioremediation system, 
plantlets were constantly found to have similar removal capacity (both per weight and per 
volume) which several times higher than the substrate. 
The major reason may be the high surface area to volume ratio. Estimated total leave 
area per plantlets (n=24) was 23.9 士6.8 cm^. The surface area per unit weight and per unit 
volume was calculated to be 29.2土8.9 cm^ /g and 27.5士8.4 cm^ /cm� respectively. This value 
only counted leaves but not other portions of plantlets which probably responsible for the 
removal. Compared to substrate which was 5.74 cm /g and 1 cm /cm (calculated using 
normal form on petri dish), surface area per unit weight and per unit volume was much higher 
in plantlets. Therefore the contact between NO2 and the removal surface was much better in 
plantlets resulted in much higher RC. 
Water surface was shown to remove N O 2 . NO2 can undergo disproportional reaction 
with water to from nitrous acid (HNO2) and nitric acid (HNO3) although this reaction is 
reversible. Therefore a moist surface can remove NO2 although it may face saturation. The 
bioremediation system has a lot of moist surface. Hence this may be one of the mechanisms 
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to remove NO2. But from the component analysis, freeze-dried substrate which lacks of the 
moist surface showed similar NO2 removal as wet fresh substrate. Therefore although moist 
surface may help NO2 removal, the materials in the substrate have inherent strong binding 
affinity to N O 2 , probably due to organic matters inside the materials. The binding ability of 
dry substrate was statistically indifferent from wet substrate, i.e. The bioremediation system 
can maintain its NO2 removal ability even at drought conditions. 
Similarly, autoclaved substrate also showed statistically insignificant difference in NO2 
removal ability compared to fresh substrate which has enzymes and viable microbes. This 
suggests physical removal is dominant in the substrate in such level of NO2 concentration and 
exposure time. The substrate was not saturated yet after two hour NO2 exposure of 0.3 mg/m^ 
concentration. The removal by active degradation of the living portion inside the substrate is 
not predominant in the short term exposure. 
4.4.4 Comparison of NOi Removal with Other Systems 
At high concentration of exposed NO2 up to 72 mg/m^ (Table 43)，the bioremediation 
system performed similarly in RE with silica gel and commercial organic soil (soil-OM). The 
similarity of high organic matter content between soil-OM and bioremediation system might 
be one of the major reasons of similar RE and RC on NO2 . Therefore binding of NO2 with 
organic matters might be one of the major mechanisms for the removal. This might also 
account for their higher RE compared to typical mineral soils (Soil-GM and Soil-MC) which 
were low in organic matters. The lower RE in mineral soils (together with H2O only) also 
suggested NO2 removal simply by moist surface should not be the only major removing 
factor of the substrate in the bioremediation system. 
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Commercial PCO paint coatings were comparatively low in its RE on NO2. This might 
due to the few mm action zone for generating free radicals for cleaving NO2 which limits the 
performance in a diffuse and dilated enclosed chamber system used in this study. Additional 
UVC source which acts as additional energy for the generation of free-radicals helped to 
boost the removal but the overall efficiency was still not high. 
The highest RE was obtained in GAC and molecular sieve. These commercial sorbents 
are having high porosity and high surface area per volume ratio. Both of which render them 
to have superior adsorption ability. The high removal efficiency in high NO2 concentration of 
these sorbents cannot easily be achieved by other abatement methods. It should be noted that 
the removal efficiency of adsorbents will continuously decreasing when the pores is 
continuously filled up and finally drop to zero (may even re-emit the pollutant if the 
surrounding environment changed). 
Surprisingly, both the three sorbents yielded much lower RE (10�20% lower) in normal 
ambient NO2 environment which is the actual target of the bioremediation system (Table 44). 
The equilibrium of NO2 between the adsorbing pores and gaseous state might be shifted due 
to the low gaseous concentration. The competition of other gaseous compounds in 
surrounding might also be more severe in low NO2 concentration environment. This might be 
the reason of lower RE of physical sorbents in normal ambient NO2 environment which is 
actually a low concentration environment. But the RE of GAC was still high and over 70%. 
Reversely, all the biological systems together with the PCO paint coatings showed a 
better RE in ambient N O 2 concentration. The higher RE of PCO paint coating in lower NO2 
concentration might be due to the more abundant unreacted free radicals. Due to the fewer 
number of reactive species (e.g. NO2 ) surrounding the catalyst, free radicals were more 
available and resulted in higher reacted proportion of NO2 inside the exposure chambers. The 
lower NO2 removal of biological systems (i.e. the bioremediation system and the three other 
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soils) in higher NO2 concentration might be due to the inability of the NO2 to partition in 
absorbing surfaces. Competition of surfaces or common ion effect in the absorption surface 
(which leads to lower absorption ratio) might happen under such conditions. 
The result in PCO paint coating was comparable to Ao and Lee (2005). NOx removal 
efficiency using an air cleaner (actively drawing gas using 5.1 mVmin flow rate with UVC 
and UVA irradiation) containing TiOi filter (photocatalyst) or TiO] with activated carbon 
filter were 70.5% and 95.4% at 120 min in a static chamber (200 ppb or 375 [ig/m\ 2.38 m^ 
volume, 24®C), respectively. Although in the current study, RE found was lower in value 
(52.9 ±3.8%) but it was reasonable because the retention time of gas inside the chamber was 
much lower (10 minutes only) and the NO2 dose was lower. 
In ambient NO2 concentration (0.3 mg/m^), the bioremediation system showed the 
highest NO2 removal among various abatement methods. Although it showed no significant 
difference in RE from GAC, Soil-OM and Soil-MC, if taken into account the physical 
properties of the formulated substrate in the bioremediation system, the RE of the 
bioremediation system of the same volume could reach 93.0% by slightly modifying the form 
of the system with bottom of the substrate exposed (2.45 fold of exposed surface area without 
additional materials) (Result in Table 42). 
On the other hand, RE and RC of the formulated substrate in the bioremediation system 
showed no difference in statistics with SMC and MC with the same exposed surface area and 
volume (Results showed in Table 64). Therefore the formulated substrate although reducing 
the SMC ratio to only 25%，did not reduce the pollution abatement ability towards NO2. The 




























































































































































































































































































































































4.4.5 Comnarisnn of NO, Removal with Other Studies 
There is scarce information on air pollution removal using SMC in ambient air and the 
passive bioremediation of NOx is also very limited. Therefore studies of biofiltration of 
off-gas were used for comparison with results in this study. 
Davidova et al. (1997) studied biofiltration using microorganisms of the genus 
Nitrobacter in off-gas treatment. In aerobic condition, the system achieved 70% removal of 
NOx at 80 ppmv with an empty bed retention time of 12 minutes. Similarly, Apel et al. (1995) 
studied anaerobic removal of NOx from combustion gases using denitrifying bacteria which 
convert NOx to nitrogen gas. They yielded 90% NOx removal in a single pass. But at the 
presence of oxygen (5%), removals dropped to 39%. These studies target off-gas treatment 
(gas forced to pass through the matrix of biofilter) in which certain percentage of NO not 
NO2 was added to the gas stream. In the current study, 95% RE of NO2 was achieved in 10 
minutes retention time which was comparable to the biofiltration studies of NOx in off-gas 
treatment. 
Apart from off-gas treatment, leaf fluxes of NO2 which was measured by chamber 
studies could be found in literatures. But it should be noted that these studies aimed at finding 
the compensation point for NO2 uptake/release at very low NO2 concentrations which were 
near zero or at natural background concentration. Leaf intakes of NO2 measured by a 
dynamic leaf chamber were 12.2-29.8 |ig /m^ leaf area /h in NO2 concentrations of 4.7-4.9 
ppb (Teklemariam and Sparks, 2006). A similar study done by Hereid and Monson (2001) 
found the leaf intake of com was about 106 ^ig/m / h a t 6 ppb NO2. The leaf intake of NO2 
increased with increasing NO2 concentration in the surrounding but the increment declined at 
moderate NO2 concentration (Weber and Rennenberg, 1996). The current study coincided 
with the observations in which plantlets absorbed significant amount of NO2 in moderate or 
high concentration environment. NO2 absorption of Wedelia trilobata was found to be 
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237土34 i^g /m2 leaf area /h (7 plantlets in chamber) and 254士71 i^g /m^ leaf area /h (1 plantlet 
in chamber) under � 3 0 0 lig/m^ (160 ppb) NO2. 
4.4.6 Toxicity of NO, towards the Bioremediation System 
Susceptibility of plants to various environmental stress (irrespective of its nature, e.g. 
temperature, UV irradiation, drought, exposure to pollutant gases, herbicides and heavy 
metals) is usually associated with elevated antioxidative response which associated with extra 
production of toxic free radicals (Bowler et al； 1992; Foyer et al., 1994; Blokhina et al., 
2003). The major protective mechanism for these free radicals is provided by SOD, which 
catalyzes the conversion of O2' to H2O2. The H2O2 is then converted to harmless products in 
the presence of CAT and POX (Hwang et cd., 1999). Therefore normally when plant tissues 
suffer from stress and damaging, CAT, POX and SOD which are the anti-oxidation enzymes 
will be induced. 
Phenolic compounds which contain available phenolic hydrogen are also potent 
inhibitors of oxidative damage (Rice-Evans et al., 1996; Kovacik and Backor, 2007). They 
are also involved in H2O2 detoxification through peroxidases (Sgherri et al.，2003). Changes 
in concentration of phenolic compounds can also indicate the stress or damage to plants. 
In the exposure to various NO2 concentrations in 2 hours period, CAT, POX and 
SOD activities did not increase with NO2 concentration (Figures 86 to 91). Consistent 
increment of phenolic compounds (Figure 85) was also not observed either. Therefore the 
antioxidation system was not triggered by the short term exposure (2 hours) of NO2 
concentration (0.15-72.9 mg/m�). Besides, the photosynthetic pigments were found to be 
maintained after the NO2 exposure (Figure 84). Therefore short term exposure to ambient 
concentration of NO2 do not cause detectable stress on plantlets of Wedelia trilobata. 
Similar situation was observed when the bioremediation system was exposed to ambient 
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roadside concentration ofNO2 (0.3 mg/m�）for 7 days (Figure 101 to 111). 
Many studies have shown that the effect of nitrogen oxides on photosynthesis is 
much less sensitive than other air pollutants. The influence of NO2 treatments up to 300 
ppb (562 mg/m^) on leaf chlorophyll content was negligible in soybean (Sabaratnam and 
Gupta, 1988). Inhibition of photosynthesis has only been detected at 500-700 ppb 
(0.938-1.312 mg/m^) nitrogen dioxide in short-term fumigations (8 h) and 250 ppb (0.469 
mg/m3) over 20-h period (Hill and Bennett, 1970; Capron and Mansfield, 1976). In 
general, no response in photosynthesis pigments has been found except at concentrations 
above 1000 ppb (1.875 mg/m^) (Dairall, 1989). Besides, low level of NO2 had been 
found to induce the chlorophyll production, but at higher concentrations, reduction in 
photosynthetic pigments was observed (Singh and Verma, 2007). Therefore in general, in 
low to moderate NO2 concentrations, chlorophyll responses recorded in the current 
studies concided with the observations by other studies. 
On the other hand, a study using sunflower showed that NO2 could act as a useful source 
of nutrient for nitrate-deficient plants. Changes in nitrate supply to the roots of sunflower did 
not affect the rate of NO2 absorption at atmospheric concentration of 0.562 mg/m� (Okano 
and Totsuka, 1986). At current roadside NOx concentrations, the contribution of gaseous 
nitrogen by foliage can be 4.5-18% (depending on the plant species) in relation to the 
nitrogen demand of the plant (Stulen et al., 1998). At lower concentration of NO2 (62 |Lig/m^), 
absorbed NO2 from polluted air was found to contribute 5-6% of total N in barley {Hordeum 
vulgare L.) after fumigated for 42 days (Jensen and Pilegaard, 1993). Therefore ambient 
roadside NO2 at such concentration may not be toxic to resistant plant species and even 
nutrient effect can be expected in the plants after absorbing the atmospheric NO2 . 
A further confirmation on the damages of moderate level of NOx (single dose of 50�100 
mg/m^ per day) on plants were done in a static chamber (15L volume) for a period of 5 days. 
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Three plant species were put into the chamber including Wedelia trilobata, Epipremnum 
awreww and Zoysia matrella. Experimental setup is shown in Figure 157. After exposing, the 
plantlets showed no obvious injury and only slightly yellowing of leaves observed in the 
plantlets of Zoysia matrella (Figure 158). Therefore this confirms that exposing plants of 
these three species under moderate level of NOx did not obviously affect the survival and 
appearance of the plants. This concides with the conclusion by Leithe (1971) that 30 ppm 
(56.2 mg/m^) NO2 does not harm normal plants significantly and showed slight damages to 
sensitive plants. 
In the microbial community inside the bioremediation system, after 7 days sub-chronic 
exposure to 0.3 mg/m� NO2, both bacteria (Figure 112) and fungi (Figure 113) did not show 
decreasing trend in the population sizes. Therefore the biological components of the 
bioremediation system including both the plant and microbes inside the substrate did not 
suffer from obvious NO2 damage in roadside environment. 
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Figure 157. Experimental setup for detecting for NOx damages on plants 
Note: black bottle in the centre was the pollutant generator (by acidification of sodium nitrite); Gas 
concentration inside the setup was ascertained by drawing gas by gas-tight syringe and colorimetric 
detection. 
Wedelia trilobata Epipremnum aureum Zoysia matrella 
Day 0 
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Figure 158. Appearance of plantlets before and after exposure to 50�100 mg/m^ NO2 for five 
days 
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4.5 Interpretation of Results in Benzene Removal Test 
4.5.1 Limiting Factors of Benzene Removal 
RE by the bioremediation system maintained at low to moderately high 
concentration (0.6-123 mg/m�）of benzene. But at high level (>123 mg/m^) the removal 
dropped significantly (Figure 114). RC by the remediation system leveled off after 
reached 176 mg/m^ (Figure 115 and Figure 116). 
Similar to NO2，the two major factors in an actively degrading system affecting the 
benzene removal are: (1) the partition coefficient between air and absorption surfaces; (2) 
degradation rate of absorbed pollutants in the absorption surfaces. 
Therefore the results in various exposed benzene concentrations indicate that the 
bioremediation system faced difficulty in treating high levels of benzene and reached 
saturation at the absorption surfaces. At this maximum RC, the degradation ability by the 
system has already been fully occupied and the absorption surfaces released by 
degradation were quickly filled up by the gaseous benzene. Equilibrium was reached and 
the rate of absorption (and later degradation) was maintained constant. Therefore the 
bioremediation system maintained similar RC at benzene concentration beyond the 
saturated concentration (around 123 mg/m�）(Figure 115 and Figure 116). Because RC 
was kept locked, RE beyond the saturated concentration dropped quickly when 
concentration of exposed benzene increased further. 
But in low to moderate concentration of benzene (<123 mg/m^), the degradation 
ability was not fully utilized which showed in the increasing trend of RC when benzene 
concentration increased. The partitioning of benzene onto the absorption surface also 
played a large portion in determining the RE although the limiting factors on the 
partitioning might include the effect of some occupied surfaces which were due to 
insufficient rate of degradation. Both partition and degradation were the limiting factors. 
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Improvement of the partitioning of benzene towards the surfaces of bioremediation 
system can be achieved by simply increasing the absorption surfaces or by shifting the 
partition coefficient. Results showed that increasing the surface area of substrate (Table 
50) and number of plantlets (Table 49) could effectively increase the benzene removal 
inside the chambers. On the other hand, improvement of the benzene degradation could 
be achieved by increasing the biological activities in the system such as increasing 
temperature, shifting of microbial community towards degraders and inducing 
degradative enzyme production. 
For the effect of temperature (Session 3.7.3)，significant positive correlation between 
RE and temperature was found (Pearson correlation coefficient = 0.803, p = 0.000). 
Similar positive correlation was found between RCs and temperature (Pearson correlation 
coefficient = 0.704，p = 0.003). 
There were sudden increases in RE and RC when temperature increased from 5°C to 
15°C. This suggests that biological enzymatic activities might be responsible for the 
removal. Increased retention time could lead to linearly increasing RE curve (Figure 122) 
and linearly decreasing RC curve (Figure 123 and Figure 124). Although partition 
coefficient should remain constant in definite chemical concentration and at the same 
temperature, lower retention time would lead to insufficient contact time for the benzene 
gas to reach equilibrium between the air phase and solid/liquid phase of absorption 
surfaces. This results in a lower absorption percentage in lower retention time. Therefore 
if a higher RE has to be achieved, it can be done by increasing the retention time. 
For the effect of exposure time in a period of 7 days at 3.2 mg/m] (Section 3.7.5), 
benzene removal rate was constantly maintained, and both RE and RC did not change on 
the first 72 hours. But there was steadily increasing RE and RCs at the later times. After 6 
days time, RE was significantly increased from 35.0土3.5% to 53.7土8.5% and further 
increased to 57.0±5.4% at the 7出 day. During the exposure period, the physical and 
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chemical composition of the substrate should be more or less the same as most 
ingredients of the substrate are inert in a 7 day exposure period. Water which could be 
evaporated from the bioremediation system did not have significant benzene removal. 
This increased benzene removal might therefore be a result of shifting microbial 
community towards degraders in the substrate and induction of degradative enzymes in 
both the plantlets and living organisms inside the substrate. Specific activities of catechol 
oxidase (Table 55) were increased after 7 days exposure to benzene in the leaf, root and 
substrate. These induced degradative enzymes might account for the increasing benzene 
removal in different exposed periods to benzene. 
4.5.2 Adsorption Isotherm 
The experimental data were used to plot a Langmuir isotherm plot and a Freundlich 
isotherm plot in Figure 159 and Figure 160 respectively. 
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Figure 159. Isotherm plot of benzene removal dataset into the Langmuir model 
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Figure 160. Isotherm plot of benzene removal dataset into the Freundlich model 
From the plots, the Langmuir model (R^ = 0.4162, deviation = 13.1 士 16.5%) was not 
good for description of benzene adsorption on the bioremediation system. Freundlich model 
described the dataset well (R^ = 0.9885, deviation = 14.4土 12.4o/o) but the deviation between 
experimental data points and the theoretical predicted values was high. At higher benzene 
vapour pressure (log p > 3.5), the data points from experiments deviated much from the 
Freundlich model plot and the correlation was far from satisfactory. Therefore benzene 
removal by the bioremediation system only agreed with the Freundlich adsorption model but 
not Langmuir adsorption model. The agreement was limited to low benzene concentration 
only. 
4.5.3 Contribution of Benzene Removal by Various Components 
From the results in session 3.7.6, both formulated substrate and plantlets were found to 
be contributors to the benzene removal. In terms of RE, the substrate contributed more. But 
due to high surface area to volume ratio in plantlets, similar to NO2 removal test, the plantlets 
had much higher RCs. 
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Water surface showed negligible removal ability on benzene which might be due to the 
poor solubility of benzene in water. The result was in comply with the observation by Orwell 
et al. (2006) in which no absorption was recorded in the presence of empty pots alone or a 
tray of water. Therefore the absorption of benzene on moist surface was not the key removal 
mechanism for benzene by the bioremediation system. 
From the component analysis, freeze-dried substrate which lacked moist surface showed 
much lower benzene removal as fresh substrate. Therefore although moisture itself might not 
help benzene removal, the water inside the substrate was essential for biodegradation. The 
difference between fresh substrate and autoclaved substrate which destroyed the living and 
enzyme systems further supported the hypothesis that partial removal was due to biological 
degradation. This accounted for more than one-third of the benzene removal in such an 
exposure to benzene (3.2 mg/m^ for 2 hours). Another removal mechanism was probably via 
biosorption onto the organic matters in the substrate or being bound to chemicals inside the 
substrate. 
4.5.4 Comparison of Benzene Removal with Other Systems 
In both high level (94 mg/m�）and industrial level (3.2 mg/m�）of benzene exposure, 
physical sorbents performed the best and achieved 70% removal in 10 minutes retention time. 
(Table 56 and Table 57). GAC, which is a common sorbent for treating benzene in gas and 
water, even yielded more than 80% in RE. Other treatment methods involving degradation 
which included the bioremediation system, normal soil system (Soil-OM, Soil-MC and 
Soil-GM) and PCO paint coatings showed much lower RE than the three physical adsorbents. 
The stability of benzene molecules is high due to the possession of aromatic ring. 
Therefore REs by those degradative methods were comparatively low due to limited 
degradation. 
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Commercial PCO paint which involved free-radical generation showed poor RE on 
benzene. The poor results might be because the catalyst was not specifically designed for 
benzene degradation and the free-radical degradation mechanism of photocatalytic oxidation 
might be not very effective in degradating benzene which has a stable benzene ring. Besides, 
as suggested by Shiraishi et al (2005), the high film diffusional resistance between the paint 
coating and air might also limit the benzene degradation. Additional UVC source which acts 
as additional energy for the generation of free-radical helped to boost the removal but the 
overall efficiency was still low. 
The removal by the PCO paint (25.9土5.6%，10 minutes retention time) in the current 
study was a bit lower than the results done by Wang et al. (2003) which found a 40% RE in 
the condition of 160 mg/m; ( 5�ppm) benzene, 2.94 minutes retention time, 25°C and TiO� 
loading of 8.06 mg/cm . But this was reasonable as the PCO paint coating used in my study 
was not 100% pure nano-TiOi and the materials used for removal was fewer with mass 
loading of 1.05士0.04 mg/cm only. 
Similarly to PCO paint coatings, benzene was degraded insufficiently in the 
bioremediation system and other three soil systems (Soil-OM, Soil-MC and Soil-GM). 
The 10 minutes retention time was insufficient for the passive mini-setup of 
bioremediation system to achieve high removal on hardly degraded benzene. Therefore 
the bioremediation system should be optimized in order to have sufficient degradation. 
4.5.5 Trials in Order to Increase RE of Benzene 
SMC was believed to be one of the active ingredients for benzene degradation in the 
bioremediation system as it had more active degradation due to rich consortium of microbes 
and enzymes. Therefore pure SMC and MC (mushroom compost without fruiting and 
normally possesses higher mushroom biomass) were investigated. RE was increased by 
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replacing the substrate with SMC (8% increment) or MC (11% increment) (Table 54). An 
aged SMC system (1.5 months old), which had higher fimgal colonization was used in the 
formulation of the substrate bearing one plantlet, had shown 21% increment in RE compared 
to a normal 2 weeks age system. Therefore increasing fimgal colonization in the substrate 
could be one of the options to boost RE of the bioremediation system. The hydrophobic 
mycelium of fungi might help adsorption of benzene. The extracellular enzymes of fungi 
might also help the benzene degradation. 
For another approach of additional exposed surface area (Table 54)，by thinning the 
substrate into two equal layers (0.5 cm each, originally 1 cm thick), the exposed surface area 
increased 81%. Percentage of RE was increased by 38%, 39% and 40% in formulated 
substrate, SMC and MC, respectively. 
For the approach of additional porosity (Table 54), the freeze dried and liquid nitrogen 
ground formulated substrates, although with much lesser materials (4.72 g; c.f. 10.59 g of the 
same volume of fresh substrate) and exposed surface area (60.8 cm on petri dish; c.f. 149.3 
cm2 of same volume on wire mesh)，was found to have similar RE (36.5士6.5%) as the same 
volume of fresh formulated substrate (31.6±7.2%). The highly porous materials allow gases 
to diffuse into the inner part of the matrix and increased the total contact area for adsorption 
and later degradation if any. By applying the same amount of freeze dried ground substrate 
(22.00 g) as one dish of GAC, RE can be increased further to 66.4士4.1%. By applying similar 
concept, two mini-setups were made using substrate with higher porosity (the same amount 
of materials, 10.59 g dry weight) and accompanied with four plantlets. The results although 
were not statistically different from the normal system, RE increased were 37% and 40%, 
respectively (Table 54). All in all, increasing porosity could help boost the RE using the same 
amount of materials. 
The final approach tested aiming for RE increment was by artificially spiking of 
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benzene into the system before the actual benzene removal test which believed to cause 
shifting of microbial community toward degraders and induction of degradative enzyme 
activity. Removal test was done in a system with daily benzene spiking (0.1 mg per 
mini-setup per day) for 7 days. The dosage of benzene spiking (totally 0.6 mg per mini-setup) 
was approximately one-tenth of the total benzene exposed in 3.2 mg/m' environment for 7 
days (6.43 mg per mini-setup). This approach was found to be very effective. The artificially 
induced system was found to have 90% increment in RE and showed 73.5% in overall 
removal. Activated carbon is expensive and has to be regenerated by a thermal process at 
around 700-900°C (Schmid et a!.’ 2001). This study finds that the bioremediation system 
after induction may provide another option for benzene treatment at much lower cost. 
By analyzing the catechol oxidase activities which are the key enzymes for benzene 
degradation (Table 55), there was significantly consistent increase in catechol 1,2-oxidase 
activity in the leaf and consistent increased catechol 2,3-dioxygenase activity in the substrate 
after benzene spiking. Therefore the induction of degradative enzyme activities by the 
spiking was confirmed. The enzyme induction was observed in both the plantlets and living 
organisms in the substrate. 
4.5.6. Comparison of Benzene Removal with Other Studies 
Wood et al. (2006) found that 100 ppb was sufficient to induce a biological response that 
could reduce the total VOC concentration up to 75%. Orwell et al. (2004) also found positive 
effect of induction (or acclimation) by exposing the plants to benzene before the 
measurement on the rate of benzene degradation. De Kempeneer and colleagues (2004) also 
found that repeated addition of benzene onto the substrate ofangiosperm Azalea indica 
showed induction effect and enhance the benzene degradation in the static chambers (23L). 
Time needed for 95% benzene removal decreased from 10 hours to 4 hours. 
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Wood et al (2002) showed that normal growth substrate (plotting mix) alone displayed 
some VOC removal activity (included benzene), but at significantly lower rates than with the 
plant present. But after inducing the biological activities, Orwell et al. (2006) and Wolverton 
过 al (1989) found that the potting mix was the primary agent for VOC removal. Similar 
phenomenon was observed by Liu et al (2007). After the induction to remove benzene, the 
mte of removal was increased and maintained throughout the experimental period. 
It should be noted that most studies on benzene removal by plants used static test 
chamber for experiments. Besides, literatures studying bioremediation using compost or 
SMC were all found to employ active systems instead of passive ones. Johnson and 
Deshusses (1997) studied how VOC removal was affected by the structure ofbiofilter. They 
had got 8-23 g/m^/hr (unit equivalent to |Lig/cm /^hr) removal capacity (or elimination 
capacity). Namkoong et al (2003) studied the removal of BTEX in a biofilter utilizing 
compost as matrix (20°C, 10 min retention time) and obtained maximum removal capacity of 
5.3 g BTEX/m /h. Average RE in four months operation was 80%. In the current study, 
maximum RC recorded was 9.30 g/m^/hr (measured at 2 hr benzene exposure to 176.5 mg/m;) 
which was comparable with the results of these studies. The RE in our best mini-setup 
(artificially induced system with 2.45X substrate, 4 plantlets; results showed in Table 54) was 
found to be 73.5% (2 hours 3.2 mg/m^ benzene exposure). Thus the passive bioremediation 
system in current system provided similar removal efficiency as active biofilters. 
Liu et al. (2007), by continuously flowing 150 ppb (0.480 mg/m;) benzene gas at 2 LPM, 
different plants removed benzene at 0.1% to >70% in 8 hours. The author has expressed the 
benzene removal rate with leaf area and the value varied between 22.1-561.3 i^g m ^ m m \ In 
the current study, benzene removal rate by purely Wedelia trilobata plantlets (4 plantlets on 
wire mesh in a chamber) at 3.2 mg/m; exposed concentration for 2 hours was 753士 148 ^ ig 
m_2 min—i if expressed with per unit leaf area. 
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There are some benzene removal studies using static test chambers. But unfortunately, 
no data have been previously published on Wedelia for comparison. Exposed to 11.5 L static 
chamber (�10 .4 ppm) for 24 hours, Comjo et al (1999) found that the removal capacities of 
eight plant species ranged between 0.015-0.354 ^ig/g /hr and the RE of those plants ranged 
from 10-95% after contacting benzene for 24 hours. Orwell et al. (2004) studied removal 
ability of pot plants inside static chamber (0.216 23°C) containing 25 ppm initial benzene 
for a period of 24 hours. They had found that the removal capacity of plant shoots ranged 
from 10.0�18.8 |ig/g/hr. Removal capacity of plant roots ranged from 9.2�100 .0 ^g/g /hr and 
that of pot-mix ranged from 0.14�0.54 ^g/g/hr. In my study, removal capacity by the 
bioremediation system (4 plantlets in 2.45X substrate on wire mesh) after 10 minutes 
retention was 1.34士0.14 |ig/g/hr and showed 38.7±4.2% in RE. After inducing (7 days daily 
addition of 1 mg benzene solution into the substrate), the bioremediation system (4 plantlets 
on 2.45X substrate) showed 73.5士5.6o/o in RE and 2.67士0.20 ^g/g/hr in RC per weight. In the 
case of four plantlets only on mesh, RE was 9.0 土 I.90/0 and RC was found to be 12.1 士 2.3 
|ig/g/hr which was similar to the results obtained by Orwell et al. (2004). Although RE was 
lower in the current study but the retention time could be increased to improve RE. 
In this study, the chronic exposure to benzene did not affect the contents of 
photosynthetic pigments and phenolic compounds. Also no induction of anti-oxidation 
enzymes was observed. Collins et al. (2000) reported no visible damaging effects on 
horticultural plants after 3-month laboratory exposure of 1 mg/m benzene. Although 
degradation of leaf surface waxes after exposure to aromatic hydrocarbon in long run may be 
observed (Sauter and Pambor, 1989)，Cape (2003) suggested that it is unlikely that airborne 
VOCs in ambient concentration including BTEX even in grossly polluted air pose a direct 
threat to plant health. 
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4.6 Removal of Other Air Pollutants 
Effectiveness of bioremediation of air pollutants largely depends upon the solubility of 
the compounds into the system matrix (Mohseni and Allen, 2000). The pollutants can only be 
degraded after being adsorbed or dissolved in the bioremediation system. The higher water 
solubility they are, the easier the pollutants to be removed using biological methods 
(Engesser et al； 1996). This could account for the great difference in RE between highly 
water soluble pollutants (including NO2, S O 2 , ammonia and formaldehyde) and slightly 
soluble pollutants (including benzene, toluene and xylene) (Table 58 and Table 59). The 
100 folds difference in solubility resulted in 70% higher RE in those pollutants with higher 
water solubility. The removal efficiencies of pollutants with similar nature were found to be 
similar (e.g. NO2 with SO2 and NH3； benzene with toluene and xylene). The results obtained 
in benzene removal test and NO2 removal test may be used to extrapolate the removal 
situation of other pollutants with similar chemical nature. 
The removal efficiencies of those highly water soluble pollutants were comparable to 
the removal results obtained by other studies. Pagans et al. (2007) studied the removal of 
N H 3 in an off-gas biofiltration system utilizing an organic fraction of municipal solid waste 
with gas retention of 86 seconds. They obtained 95.9% and 98.8% RE depending on the 
formulation. Elimination/removal capacities of these two formulations were 0.829 and 7.170 
g/m^/h respectively. In my study, 94.4±2.3% RE and 0.729 |ig/cm^/h (unit equivalent to 
g/m^/h) RC was obtained after 10 minutes retention at 2.7 mg/m^ ammonia exposure (Table 
58). 
Similarly, 90.7士5.5% RE was obtained in the removal of 40.2 mg/m� formaldehyde by 
the bioremediation system (estimated to occupy 2.02% volume inside the chamber; Table 62). 
This was much higher than the results obtained by Wolverton et al. (1984) which obtained 
50%-70% decrease in formaldehyde concentration inside a static chamber (16.8-21.6 mg/m�， 
261 
20°C，1% volume of plants inside chamber) after 6 hours with Scindapsus aureus, Syngonium 
podophyllum or Chlorophytum elatum. The RE was also better than using PCO reactor 
studied by Shiraishi et al (2005). In a static chamber experiment, PCO reactor showed about 
50% RE on formaldehyde after 25 minutes photocatalytic decomposition at 40 
For those BTEX，10 minutes retention with a non-induced bioremediation system was 
found to have approximately 20% removal in benzene (2.9 mg/m^), toluene (18.2 m g W ) ^nd 
xylene (4.0 mg/m�）in my study (Table 58). Although this value was lower than the RE 
obtained by Wood et al (2006) which yielded 42-60% for w-xylene (1 ppm or 4.37 mg/m^) 
and � 9 0 % for toluene (Ippm or 3.79 mg/m^) using pot plants inside a static chamber (0.216 
m^, 21�C)，the time for the removal was much shorter (10 minutes vs 1 day). Similarly, with a 
longer exposure of 10 hours, De Kempeneer et al. (2004) obtained 50% RE by placing a 
plant (25 cm height, 15 cm diameter) with potting soil inside a 23L static chamber with 339 
mg/m^ toluene. 
Namkoong et al. (2003) found that removal efficiency was the lowest in benzene among 
BTEX in an off-gas biofilter. But this was not the case in my study. In my study benzene and 
xylene showed similar removal with toluene showed a lowered RE. 
On the other hand, in the study by Hwang et al., 2007, RE of xylene could be increased 
by acclimation of the biofilter. RE of 220 mg/m^ /7-xylene by four types of biofilters (20-27�C， 
60s retention time) increased up to 40-50% at the initial 2-5 days and gradually reached 
85-90% after 10-25 days. Therefore induction of biological degradation activities to increase 
the RE of the bioremediation system towards xylene is possibly feasible similar to the case of 
benzene removal. Toluene may also be treated similarly due to its similar properties and 
chemical structure. 
Interestingly, Darlington et al. (2001) used an active botanical filter containing 
bioscrubber with mosses, hydroponically grown higher plants and an aquarium for treatment 
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of indoor toluene and o-xylene. Air was drawn in by a variable speed centrifugal fan. They 
had found that maximum removal of toluene and o-xylene was 0.472 g/ m^/h (unit equivalent 
to |ig/cm^/h) and 0.497 g/m^/h at 0.025 ms"' influent air flux, respectively. RE could reach 
30% at the exhaust for these two pollutants (< 300 jig/m�). 
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4.7 Field Studies with the Vertical Panels of the Bioremediation System 
In laboratory study, only limited factors could be included. In order to facilitate a 
workable treatment system, the bioremediation system should be tested for its performance 
under real complex environment and its engineering design should be work out. The 
bioremediation system prototype was therefore installed in two separate locations 
representing two totally different environments 一 an exposed windy area and an inner street 
suffering from street canyon effect in order to know its performance under real environments. 
In each location, two sites with similar environment were chosen for study. One of them 
acted as treatment site where the bioremediation system installed and the other one acted as 
control site where nothing was mounted. The original background pollutants level was 
expected to be the same between two sites. The performance of the bioremediation system 
was assessed through comparison of the treatment site and control site in each location. 
4.7.1 Barrier Effect by Canvas 
Sheets of canvas were used to study if the environmental improvement was done by the 
bioremediation system via physical shielding. First the sound level reduction by the sheets if 
installed was negligible instead of obvious reduction similar to the bioremediation system 
(70.7 to 70.8 dB(A) in Leq; 76.8 to 76.9 dB(A) in L,o) (Table 60). For NO2 concentration， 
14% lower NO2 concentration (sampled at 1 m apart from road edge) was recorded in the 
canvas site compared to the control site (Table 60). The value was much decreased (31% 
reduction in the presence of bioremediation system) (Figure 133). Therefore the removal of 
NO2 by the bioremediation system was not simply due to shielding off the pollutants by 
physical barrier. It was noted that the waiting time before the sampling for NO2 concentration 
in the treatment site after the replacement by canvas was very short (about 30 minutes only). 
The lower value of NO2 in treatment site (compare to the control site) after the replacement 
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by canvas might partially be the residual effect of the bioremediation system rather than 
shielding effect from the canvas. Normally a physical barrier without remediating ability only 
reduce the dispersion rate of pollutants and resulted in higher pollutant concentration in the 
surrounding but not decreasing. 
4.7.2 Temperature Buffering 
The relative humidity in air was kept similar between treatment site and control site in 
both Field Study I (58土20% in treatment site and 59士20% in control site) and Field Study II 
(69士 18% in both sites). For the air temperature, in Field Study I (Session 3.9.4), in treatment 
site containing the bioremediation system, the ambient air temperature was recorded to have 
0.7°C lower in temperature (24.2±6.0°C in treatment site and 24.9±5.8°C in control site). 
Similarly, in Field Study II (Session 3.10.4), the ambient air temperature reduction by the 
bioremediation system was recorded to be 0.2°C (29.4±3.2°C in treatment site and 
29.6土2.9�C in control site). 
The small degree of temperature decrement was mainly due to the small scale of 
bioremediation system compared to the environment. Dimoudi and Nikolopoulou (2003) and 
Yokohari et al. (2001) found an average temperature reduction of only 1°C for every 100 m^ 
of vegetation added to the park surface. Thus, the present small scale bioremediation system 
was comparatively effective in temperature buffering. 
In order to have more significant thermal effects on surrounding air, Wong et al. (2007) 
suggested to have more extensive planting which could help reduce heat by absorbing latent 
heat. In addition, the moisture content is also important and higher moisture content can lead 
to higher buffering effect. But in the current study, due to the limitation in water supply, the 
moisture content of the bioremediation system was low. 
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4.7.3 Sound Attenuation 
Sound attenuation can be performed either by physically reflecting away the noise or 
absorption using soft or porous surface. A formulated substrate in the bioremediation system 
is made of organic matters which is soft in nature. The bioremediation system hence has 
ability to absorb noise. In addition, the bioremediation can act as a physical noise barrier 
because of its location between the road and point of measurement. Although it has a lot of 
empty pore (due to modular design and using highly porous substrate with bottom exposed) 
which allows sound passing through and does not totally shield the sampling point, it 
provides a partial screening from the road traffic noise. 
From Figure 131，before the installation of bioremediation system, the sound level 
recorded in the chosen site for treatment and control were similar on Mar 11. The recorded 
Leq showed no difference between two sites and Lio in the treatment site was found only 0.3 
dB(A) higher. Therefore the two sites were homogenous in term of noise. 
After installation of bioremediation system on Mar 18，both Leq and Lio in the treatment 
site were found to be consistently lower than the control site except in the morning on Apr 30. 
The effect of sound attenuation in Field Study I on average reached 2.8士2.1 dB(A) in Lio and 
3.2土2.9 dB(A) in Leq (Figure 132). The exceptional point in the morning on Apr 30, which 
showed higher sound level in the treatment site, was due to the noise generated by a diesel 
electricity generator. The electricity generator was located nearer to the treatment site and 
was constantly generating noise which contributed to the noise readings. The location of the 
electricity generator is shown in Figure 161. 
On Apr 22, there was heavy rainfall and strong wind blowing and resultant traffic 
266 
accident in front on the sampling sites. The much higher level of sound level recorded 
especially Lio in both treatment and control sites might be due to traffic jam. In addition, it 
should be noted that on Apr 15 there was a grab dredger working on the left side of the 
treatment system which might affect the result of noise reduction. 
f \ I _ 
Figure 161. A diesel electricity generator in the first field study site in the morning on Apr 30 
H P 娜 见 
Before installing the bioremediation system onto the treatment site, the sound level on 
the treatment site recorded on May 3 was found to be slightly higher (0.6 dB(A) in Leq; 0.4 
dB(A) in Lio) than the control. After the installation of the bioremediation system, the sound 
levels on the treatment site recorded were all lower than the control site (Figure 146 and 
Figure 147). Average sound reduction by the bioremedation system in terms of Leq and Lio 
were 1.2土0.7 db(A) and 2.4土 1.6 dB(A) respectively. Therefore the bioremediation system 
was confirmed to have certain sound reduction ability in field application. 
There were construction activities near the sampling locations in the mornings on Jim3, 
Jun 4 and Jun5 which may result in the slightly higher sound level recorded in both Leq and 
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Lio. Reversely, there was no noisy construction activities discovered when sampling in the 
afternoon on Jim 5 and probably resulted in much lower sound level recorded. It was 
interesting that a higher noise reduction was achieved when the environmental noise level 
was higher, e.g. Jim 3，Jim 4，Jim 9 (morning), Jul 5. 
4.7.4 NO，and VOC Removal 
In the study period, the NO2 pollution in sampling locations was found to be severe and 
exceeded the Air Quality Objectives in Hong Kong (AQO, 300 |Lig/m^ in hourly average). The 
highest NO2 concentration recorded was 712 jig/m; (on Apr 22) which was 137% higher than 
our AQO. The fluctuating NO2 levels recorded were partially owing to the different traffic 
loads on different days in a week and at different times in a day. 
Before the installation of bioremediation system, NO2 concentration recorded on Mar 11 
was found to be a bit higher (14.9%) in the treatment site (Figure 137 and Figure 138). But 
after installed the treatment system, NO2 concentration in the treatment site compared to the 
control site was lowered except in the records of Mar 25 (morning) and Apr 1. The 
fluctuation of performance in the bioremediation system in treating NO2 might be due to the 
open environment in Field Study I; sometimes the wind direction was in parallel to the 
vertical panel disturbing the air flow from traffic vehicles impacted onto the panel. 
Due to the windy environment, the pollutants in the study site were probably 
continuously dispersing and did not remain stagnant. Besides, normally a higher portion of 
NO is generated by combustion engines rather than NO2 and the NO undergo oxidation with 
oxygen to become NO2 in a later time. The higher NO2 concentration recorded in the 1 m 
distance rather than in 0 m may be partially due to this factor. 
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There was no water supply on Apr 22 and the bioremediation system was nearly dried 
up when sampling on Apr 22 and Apr 30. The performance of the bioremediation system was 
kept under drought condition. This confirmed the result from laboratory study in which the 
bioremediation system removed NO2 regardless of its water content. Average RE by the 
bioremediation system in Field Study I was 8.5%. 
The bioremediation system was installed on Mar 18. Both benzene (Figure 139) and 
toluene (Figure 140) were found to be fluctuating. Removal results (Figure 141) by the 
bioremediation system were also fluctuating. This may be due to the strong wind. Average 
REs for benzene and toluene were 26.4% and 8.4% respectively. 
There were occasions in the study sites having sudden increase of benzene and toluene 
including Mar 18，Apr 10，and Apr 15. On Apr 10 there was record of traffic jam at the 
highway in proximity due to car accident. The traffic jam leads to slow traffic flow and 
increase the unbumt hydrocarbons released by the car engines resulting in high benzene. 
Besides, on Apr 15 there was record of grab dredger working on left side of the treatment 
system when sampling the air. 
The lower concentration of benzene and toluene in the period of Mar 23 to Apr 1 was 
coincided with the higher average wind speed recorded in the samplings. (Wind speed data 
was shown in Figure 130). On Mar 25 the highest average wind speed was recorded. At the 
same time, the study sites recorded lower level of benzene and toluene. Similarly on Apr 22 
although there was no wind speed measurement, there was record of strong wind in the 
sampling record sheet which coincided with the relatively lower recorded VOC 
concentrations. Therefore the dispersion of VOC together with their concentrations in road 
edge in the study location was largely affected by wind. 
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In Field Study II which was done in an inner street with stagnant wind and buildings 
around. Therefore the performance of the bioremediation system was less fluctuating. After 
installation of the bioremediation system, 12 out of the 14 samplings showed positive results 
and only two of them showed a very slightly higher NO2 (1%) in treatment site than control 
site. Average RE by the bioremediation system in Field Study II was 17.5%. The 
bioremediation system had better RE at higher temperatures from 5 to 45°C in laboratory 
study. The higher temperature of Field Study II (29.4±3.2°C in treatment site; c.f. 24.2±6.0°C 
in Field Study I) might also contribute to the higher RE. 
There was continuously decreasing trend in NO2 concentration in the later sampling. 
This was probably due to the regional monsoon direction. Southwest monsoon dominates in 
summer of Hong Kong (Hong Kong Observatory, 2009). Southwest monsoon in Hong Kong 
is usually clean due to blowing from the sea with no polluting source and can effectively 
diluting pollutants in the city. Therefore the pollution problems in Hong Kong normally 
relieve when approaching summer. 
Similar to Field Study I，although less severe, NO2 pollution in sampling locations was 
found to exceed the Air Quality Objectives in Hong Kong (AQO, 300 [ig/m^ in hourly 
average). The highest NO2 concentration recorded was 625 ^g/m^ (on Jim 4) which was 
108% higher than our AQO. But the situation was improved gradually and was within our 
AQO at later times of sampling. There was rain recorded when sampling on Jun 3. Between 
Jun 9 afternoon and Jun 10，there was heavy raining throughout the day. Precipitation 
effectively cleans the air from inorganic pollutants and particulates (Leithe, 1971). The 
raining might account for the decrease in the NO2 concentration recorded in these days. 
Similar to NO2，the performance of the bioremediation system on VOC removal in Field 
Study II was more stable compared to Field Study I. All the sampling points showed lower 
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benzene levels in the treatment site (Figure 150). For toluene, except Jun 5 afternoon (10% 
higher in treatment site) and Jul 5 (6% higher in treatment site), all other sampling points 
showed lower values in the treatment (Figure 151). The less windy inner street environment 
might account for the stability. On average, RE by the bioremediation system in the treatment 
site was 20.1% and 24.7% for benzene and toluene, respectively. 
Between Jun 3 and Jun 5 morning, there were painting works with toluene probably as 
one component of the paint solvent system. Benzene, although is usually not in large amount, 
may exist as impurities inside the paint solvent. 
Unlike Field Study I which showed some correlating pattern between pollutant 
concentrations (NO2 , benzene and toluene) and wind speed. The fluctuating records of wind 
speed in Field Study II (Figure 145) did not show any covariation with the pollutant 
concentrations (Figure 148, Figure 150 and Figure 151). This might be due to the 
surrounding of the buildings in Field Study II which makes the dispersion of pollutants more 
difficult and complex. 
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5. Conclusion 
Vegetation is commonly regarded to have pollution abatement ability. SMC was also 
known to be an effective tool in treating organic contaminants. But literature studying their 
abilities in removing ambient air pollutants is still very limited and most data are related to 
indoor VOC only. 
The present research work therefore explored the possibility to integrate angiosperm and 
SMC to develop a low cost air bioremediation system with greening with special emphasis on 
the removal potential on two roadside pollutants - NO2 and benzene. 
The bioremediation system developed was a modular system allowing vertical 
orientation which saved space and made mainly from waste materials. Laboratory 
experimental results suggest that the bioremediation system could stabilize temperature in an 
enclosed chamber and removed gaseous pollutants significantly in a flow through an 
experimental system. 
In optimized conditions, RE of NO2 could reach 93.0% after 10 minute retention. The 
system performance was found to be satisfactory in temperature ranged from 5-45°C and 
maintained through the study period of 7 days. Although the bioremediation system 
performed not as good as physical sorbents in high NO2 environment (72 mg/m^), it showed 
superior result in normal ambient level (0.3 mg/m^) and had better performance than three 
common physical sorbents, three type of ordinary soils and photocatalytic paint. 
For benzene, after artificially inducing the enzymatic activity, RE reached 73.5% in 10 
minute retention with the pollutant. This was comparable to the three physical sorbents and 
was better than the performance done by ordinary soils and photocatalytic paint coatings. 
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Apart from laboratory studies, two field trials were conducted. One was in an exposed 
busy highway. Another one was in an inner-street with street canyon effect expected. Both 
trials showed positive results in noise reduction and removal on the three pollutants 
monitored - NO2, benzene and toluene: 
1. Average reduction of 2.8dB(A) Leq or 3.2 dB(A) Lio was observed in Field Study I 
while reduction of 1.2dB(A) Leq or 2.4 dB(A) Lio on average was observed in Field 
Study IL 
2. NO2 removal by the bioremediation system was found to be 8.5% and 17.5% in Field 
Study I and II respectively. 
3. 26.4% and 20.1% benzene was reduced in treatment site in Field Study I and II 
respectively. For toluene, the reductions were 8.4% and 24.7% in two sites. 
For temperature reduction in field environment, the average air temperature reduced was 
only 0.7�C in Field Study I and 0.2�C in Field Study II. The effect was not obvious. 
The results of present research works showed the feasibility of using SMC based 
materials to grow vegetation in vertical greening and explored the remediating potential of 
such a combined system towards common roadside pollutants. 
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6. Further Investigation 
This study designed the basic formulation of the growth media and tested the 
bioremediation system with a plant Wedelia trilobata on two common pollutants benzene and 
NO2. Future research may explore the options to improve and utilize the bioremediation 
potential of the studied system including: 
• Usable practices to induce the degradative enzyme activities in an effective but safely 
manner 
• Introduction of specially selected degraders either natural or genetically engineered 
into the bioremediation system 
• Incorporation of pollutant-philic plants into the bioremediation system 
• Possible interactions between various pollutants (e.g. various VOCs), antagonistic or 
synergistic, which may affect rates of removal by the bioremediation system. 
In terms of engineering design and considerations in further field applications: 
• Design on the irrigation system and the conservation of water 
參 Better modular design which minimize the shrinkage and runoff but maximizing the 
physical stability, exposed surface area and porosity 
• More diverse selections on plant with considerations of drought tolerance, pest 
tolerance and better outlook 
參 Exploration on the application potential on indoor uses 
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